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Highlights (for review)

Highlights

e AnAlI-Zn-Mg-Cu dloy was processed by up to 100 turns of high-pressure torsion.

e Theadloy exhibitstwo hardening stages.

e Grain refinement down to ~140 nm is achieved after 30 turns.

o Further refinement down to ~90 nm and additional hardening are attained after 100 turns.
e Theonset of the second hardening stageislinked to solute segregation at grain boundaries.
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Table 1. Grain size, average values of the minor and major grain
axes, aspect ratio and fraction of HAGBs for an Al 7050 alloy
processed by different numbers of HPT turns.

N Grain Minor  Major Aspect Fraction
sze-d* axis* axis* ratio* of HAGBs

(turns) (nm) (hm)  (nm) () (%)

1 410+ 190 140+70 1350+670 104 65

30 140+60 75+32 294+226 3.9 87

100 93+50 33x17 320290 95 76

* Area-weighted
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Table 2. Reports of grain size and Vickers hardnessin Al-Zn-Mg-Cu dloys after SPD processing.

Alloy or Initial SPD Grain Vickers Reference
Composition condition procedure size  hardness
(Wt.%0) (um)  (Hv)
Al-5.7Zn-1.8M@g-2.1Cu Spray forming + extrusion . _ .
(Al 7050) a4 623K HPT: 6 GPa, RT, 100 turns 0.09 289 This study
Al-9.4Zn-2.5Mg-2.5Cu  Solution treatment at 743 K HPT: 6 GPa, RT, 2 turns ~0.10 256 Duan et al.
(Al 7136) +ageing a RT for 100 min  ECAP+ HPT: 6 GPa, RT, 2 turns ~0.04 279 (2010) [27]
Al-8.1Zn-2.2Mg-2.3Cu : : _ Markushev et al.
(Al 1965) Solution treatment at 733 K HPT: 6 GPa, RT, 10 turns® 0.08 270 (2018) [28]
Al-6.3Zn-2.4Mg-2.3Cu Solution treatment at 748 K HPT: 4 GPa, RT, 1 turn ~0.15 213 Ghosh et al.
(Al 7150) for 45 min HPT: 6 GPa, RT, 5turns ~0.12 227 (2012) [29]
Al-6.1Zn-2.8Mg-1.0Cu  Solution treatment at 748 K HPT: 5 GPa, RT, 10 turns ~0.07 228 Stolyarov et al.
(Al 7075) forlh HPT: 5 GPa, RT, 10 turns ~0.07 285"  (1997)[34]
Al-6.0Zn-2.5Mg-1.8Cu : . _ Sitdikov et al.
(Al 7475) Solution treatment at 748 K HPT: 5 GPa, RT, 10 turns 0.09 267 (2012) [30]
Al-5.9Zn-2.5Mg-1.4Cu Homogenisation at 753K HPT: 6 GPa, RT, 10 turns® ~0.16 280 Zhang et al.
(Al 7075) for5h HPT: 6 GPa, 473K, 10 turns® ~0.26 197 (2019) [31]
Al-5.6Zn-2.5Mg-1.6Cu  T6°+ ageing at 553 K . _ Garcia-Infanta
(Al 7075) for 5 h HPT: 6 GPa, RT, 5 turns 0.12 220 etal. (2009) [32]
Al-5.6Zn-2.5Mg-1.6Cu . , _ Sabbaghianrad
(Al 7075) Annealing at 753 K for 1h  HPT: 6 GPa, RT, 5 turns 025 221 et al. (2012) [33]
. Sabbaghianrad
Al-5.6Zn-2.5Mg-1.6Cu . ECAP: ¢ = 110°, 473 K, 4 passes, route Bc
Annealing at 753 K for 1h . ~0.31 246 and Langdon
(Al 7075) + HPT: 6 GPa, RT, 20 turns (2014) [14]
. Sabbaghianrad
Al-5.6Zn-2.5Mg-1.6Cu . ECAP: ¢ = 110°, 473 K, 8 passes, route Bc
Annealing at 753 K for 1h . ~0.20 265 and Langdon
(Al 7075) + HPT: 6 GPa, RT, 20 turns (2015) [15]
Al-8.9Zn-2.6Mg-2.3Cu . o ono - d  Xueetal
(Al 7A60) Annealing at 693 K for 2h  ECAP: ¢ =90°, 623 K, 4 passes, route Bc ~1.0 138 (2019) [37]
ECAP: ¢ =90°, RT, 3 passes, route B¢ ~0.30 210
Al-5.7Zn-2.6Mg-1.5Cu  solution treatment at 743 K ECAP: ¢ = 90°, 393 K, 3 passes, route Bc ~0.45 228 Shaeri et al.
(Al 7075) € forlh ECAP: ¢ =90°, 423 K, 4 passes, route Bc ~0.70 197 (2016) [36]
ECAP: ¢ =90°, 453 K, 4 passes, route Bc ~1.0 171
. ECAP: ¢ =90°, 473 K, 4 passes, route Bc ~0.30 ~116 .
AI-5.72n-19Mg-0.35Cu SoUton trement & 743K g ap. ¢ — 900, 473 K, 4 passes, route Be Gubizcaet al.
for 0.5h . ~0.30 ~158  (2007) [16]
+ ageing a RT for 7 days
Al-5.7Zn-2.4Mg-1.8Cu  Solution treatment at 743 K o ono B El-Danaf et al.
(Al 7010) for3h ECAP: ¢ =90° RT, 1 pass 015 200 o113
Al-5.6Zn-2.5Mg-1.6Cu  Solution treatment at 753 K ECAP: ¢ = 90°, RT, 2 passes, routeB. ~ ~0.25 201 Zhao et al.
(Al 7075) for5h ECAP: ¢ = 90°, RT, 2 passes, route Bd' ~0.21 195 (2004) [12]
Al-5.9Zn-2.3Mg-1.4Cu  Solution treatment at 753 K FSP: 720 rpm, IPC?, 65 mm mint ~24 157 Kumar et al.
(Al 7075) for6h FSP: 720 rpm, NACP, 65 mm mint ~47 131 (2018) [22]
Al-5.9Zn-2.3Mg-1.4Cu i . " _ Kumar et al.
(Al 7075) T651 FSP: 720 rpm, 85 mm min 3.2 138 (2017) [23]
Al-5.7Zn-2.5Mg-1.6Cu i . ) _ Patel et al.
(Al 7075) T651 FSP: 1070 rpm, 50 mm min 3.8 123 (2016) [24]
Al-5.4Zn-2.3Mg-1.6Cu _ . _ _— _ Harati et al.
(Al 7075) T6 FSP: 500 rpm, 100 mm min 6.1 103 (2019) [25]
Al 7075 T6 FSP: 1500 rpm, 2000 mmmin ~16 169  Zhangetal.

(2018) [26]

aDisc diameter of 20 mm.

b The hardness measurements were conducted in the HPT-processed alloy after natural ageing at RT for 20 days.

©T6 treatment refers to heating at 753-778 K for 10 min + water quenching + ageing at 423 K for 16-24 h.
d Estimated using Vickers hardness [MPa] ~ 3 x Yield stress [MP4].

€A back-pressure of 180 MPawas used during ECAP processing.

fThe ECAP-processed billet was heated up to ~413 K using a heating rate of 5 K min ",
91PC: In-Process Cryo-cooling.
PNAC: Normal Air Cooling.

i After T6 heat treatment, the material is deformed up to nominal strains of 1-3%.
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Fig. 1. Representation of the sampling positions associated with

the microstructural analyses undertaken in the Al 7050 discs.
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Fig. 2. Variation of the Vickers microhardness recorded at the mid-section position with
distance from the centres for the Al 7050 discsin theinitial condition and after

processing by HPT.



Al 7050 Plane Z

Fig. 3. SEM micrographs showing the distribution of microcavities and second phase
particles along the surface of an Al 7050 disc immediately before HPT processing: (a)
secondary electron (SE) image, (b, ¢) back scattered electron images
at two different magnifications.
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Fig. 4. BSE images obtained at the centre of Al 7050 discs processed through

(& 18, (b) 1, (c) 30 and (d) 100 turns of HPT at RT.
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Fig. 5. BSE images obtained at different magnifications at the edges of Al 7050 discs

processed through (a, b) 1/8, (c, d) 1, (e, f) 30 and (g, h) 100 turns of HPT.
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Fig. 6. Histograms showing the average diameters of second phase particles for discs of

the Al 7050 alloy processed through different numbers of HPT turns.
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Fig. 7. (a) X-ray diffraction patterns and plots of (b) crystallite size and dislocation
density as a function of numbers of turns for discs of the Al 7050 alloy

subjected to up to 100 turns of HPT processing.



Al 7050 7 [111]
HPT: 6 GPa, RT, 2 rpm g_'
Disc Edge, Plane 6 Cland

Fig. 8. Orientation maps of the Al 7050 alloy processed through

(@ 1, (b) 30 and (c) 100 turns of HPT at RT.
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Fig. 9. Histograms of (a) the area fractions of the grain diameters and (b) the
misorientation angles for the Al 7050 alloy processed through 1, 30 and 100 HPT turns:

the solid curve in (b) shows the conventional Mackenzie distribution.
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Fig. 10. TEM images at different magnifications showing details of the grain structures

of the Al 7050 alloy processed through (@) 1, (b, ¢) 30 and (d, e, f) 100 turns of HPT.
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Fig. 11. Plots of Vickers microhardness as a function of dV2 for the Al 7050
alloy processed through 1, 30 and 100 revolutions of HPT at RT: additional
datum points are included for similar Al-Zn-Mg-Cu alloys processed

by HPT [14,15,27-34], ECAP [12,13,36] and FSP [22-26].
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Fig. 12. Plots of Vickers microhardness as afunction of equivalent strain, eeq,

for Al 7050 discs subjected to up to 100 turns of HPT: the e« values are

plotted using either (a) linear or (b) logarithmic scales and additional datum

points are included for similar Al alloys processed by HPT [27-29,31-33].



Two-stage Hardening in HPT-processed Al alloys

Vickers microhardness (Hv)

& Intermetallics
/' Fine precipitates, mainly MgZn:2

{ Segregationin GB

log .

Fig. 13. Schematic illustration of two-stage hardening and typical microstructures

developed in Al-Zn-Mg-Cu alloys processed by HPT at RT.
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1. Introduction

Pure aluminium is recognised as alightweight metal having high formability and
corrosion resistance but low mechanical strength in the as-cast condition. Accordingly,
alloying elements are generally added to aluminium to enhance its properties and expand
its range of applications. The Al aloys categorised within the 7xxx series are mainly
composed of Al, Zn, Mg and Cu which provide superior |oad-bearing capacity through
solid solution and precipitation strengthening [1,2]. Further strengthening may be
achieved in Al alloys through processing by severe plastic deformation (SPD) whereby
high strains are imposed on bulk samples promoting grain refinement down to the
nanosize range [3-6]. In the SPD procedure of high-pressure torsion (HPT), discs are
compressed between massive anvils and thereafter they are subjected to torsiona
straining through the rotation of one anvil at a constant rate [6-8]. This SPD techniqueis
especially attractive because it has the capability of producing materials with
exceptionally small grain sizes[9,10] and with ahigh fraction of grain boundaries having
high angles of misorientation [11].

A wide variety of Al-Zn-Mg-Cu alloys have been successfully processed by SPD
including using the procedures of equal-channel angular pressing (ECAP) [12-21],
friction stir processing (FSP) [22-26] and HPT [14,15,27-35]. These aloys display fast
ageing kinetics even at low temperatures which drastically reduces their workability.
Therefore, ECAP is usualy performed immediately after a solution treatment for Al
alloys processed at room temperature (RT) which permits processing by 1-2 passes
without producing any cracking in the material [12,13]. Additional passes may be
imposed on Al billets without the introduction of any cracking either by processing at RT
using a back-pressure of ~180 MPa [36] or by using higher processing temperatures

[14,15,37].
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Cracking due to precipitation is not a major issue during FSP because the high
strain rates inherent to this technique promote a major increase in the temperature of the
workpiece during processing [22]. Nevertheless, thistemperature increase accel erates the
recovery kinetics and hinders the level of grain refinement attained after FSP [22-26].
Theimposition of elevated hydrostatic pressures during HPT processing [38,39] prevents
material cracking which allows a tailoring of the microstructures with nanostructured
grains even when processing metals having low workability [40-43]. Additionally, it has
been demonstrated through experiments and modelling that the temperature rise in HPT
discs is limited and can be further reduced using larger anvils or lower rotation rates
[44-46]. Thus, using HPT offers a more effective route to produce ultrafine-grained
(UFG) structures without damaging the integrity of the samples.

In recent studies, an Al-5.6%Zn-2.5%Mg-1.6%Cu (Al 7075) alloy was subjected
to HPT processing using two different routes [ 15,47]. In the first set of experiments, the
alloy was annealed and subsequently processed by HPT up to an apparent hardness
saturation. After 10 turns, the metal exhibited nearly equiaxed grains with a mean size of
~500 nm and a saturation hardness of ~230 Hv. Conversdly, in the second route, the same
alloy was subjected to 8 ECAP passes prior to HPT. This led to further hardening and
grain refinement such that, after 20 turns, the alloy displayed an average hardness of ~270
Hv and a grain size of ~200 nm. Therefore, the minimum grain size and the level of
strengthening attained in Al-Zn-Mg-Cu alloys through HPT appear to depend upon the
thermomechanical history prior to processing.

There have been severa investigations demonstrating that phenomena such as
phase fragmentation, solute segregation at grain boundaries and dynamic precipitation
may occur in complex Al alloys after high levels of deformation and at unusually low
temperatures during SPD processing [31,48-53]. The presence of nanosized precipitates
and solute segregates tends to hinder grain boundary migration and thereby promote

2
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additional grain refinement in SPD-processed aloys [48,54,55]. It should be noted aso
that these metals potentially exhibit superior microstructural stability due to grain
boundary stabilisation as reported recently for different Al alloys [56-59].

Although there are numerous studies examining the influence of HPT processing
on microstructural evolution in Al-Zn-Mg-Cu aloys, these studies generally subject the
workpieces to a maximum of ~10-20 turns of HPT so that the metal may not have
achieved a truly saturated state [14,15,27-34]. In these investigations, the Al aloys
exhibit a single hardening stage which is well-described by the conventiona hardening
model designated hardening without recovery [60] as widely reported in many different
metals processed by SPD at low homologous temperatures [61]. Nonetheless, recent
studies have demonstrated that Al aloys may achieve a new metastable condition and
exhibit superior mechanical strength after HPT processing by imposing very large strains
[62,63].

Accordingly, the present research was designed to investigate the influence of
torsional straining on microstructural evolution and the mechanical behaviour of an Al-
Zn-Mg-Cu dloy having a dispersion of fine precipitates in its unprocessed (as-extruded)
state. To trigger the transformati ons associ ated with the redistribution of the second-phase
particles, the HPT processing was conducted at RT up to a total of 100 revolutions in

order to critically assess whether thisleadsto afiner grain structure and a higher strength.

2. Experimental material and procedures

A commercial Al 7050 alloy with a nominal composition of Al-5.7Zn-1.8Mg-
2.1Cu-0.2Fe-0.08Zr (in wt. %) was used in this study. The aloy was fabricated from
recycled Al 7050 machining chips through spray forming followed by extrusion at 623 K
using an extrusion ratio of 13:1[1,64]. Discs having diameters of ~10 mm and thicknesses
of ~1 mm were machined from the extruded rods and processed by HPT at RT using

guasi-constrained anvils[44,65,66]. The workpieceswereinitialy compressed within the
3
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anvilsto achieve an initial nominal pressure of ~6.0 GPa. Thereafter, the lower anvil was
rotated at a constant speed of ~2 rpm for totals of 1/8, 1, 5, 30, 50 or 100 revolutions.

The HPT-processed sampleswere ground using abrasive papers and polished with
1 um diamond paste to examine the microhardness distributions aong the mid-sectional
planes parallel to thelower and upper surfaces of each disc. Hardness measurements were
recorded using an FM 700 microhardness tester equipped with aVickersindenter under a
constant load of 300 gf and with a dwell time of 10 s. The Vickers microhardness was
evaluated across the diameter of each sample using the same procedure described in an
earlier report [67]. The hardness values at each position were calcul ated as the average of
the measurements recorded from 4 indentations separated by 0.15 mm from the selected
points. The same methodol ogy was used to eval uate the microhardness along the diameter
of the extruded rod where this corresponds to the processing stage which is henceforth
designated the initial condition.

The microstructures of the Al-Zn-Mg-Cu aloy were examined with scanning
electron microscopy (SEM) using a FEI Quanta 200 FEG (Field Emission Gun)
microscope operating at 15 kV and equipped with an integrated PEGASUS EDS/EBSD
detector. Sample preparation involved the same procedure used for the microhardness
analyses including additional polishing with 0.06 um silica colloidal. Observations were
undertaken at the mid-section of an unprocessed disc and in samples subjected to 1/8, 1,
30 and 100 HPT turns. The size and distribution of any microcavities and precipitates
were assessed at the centre and edge of the HPT-processed aloys as indicated in Fig. 1.
In addition, energy dispersive X-ray spectroscopy (EDS) was used to estimate the number
of elementsin the Al matrix and second phase particles.

The grain structures in discs processed by 1, 30 and 100 revolutions were
examined by transmission electron microscopy (TEM) using an FEI Tecnai F20
microscope operating at 200 kV. TEM lamellae were extracted from the disc edges

4
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through focused ion beam milling using an FEI Quanta 3D FEG microscope. Their
thicknesses lay perpendicular to directions r and z in Fig. 1 such that the observations
were conducted in the 0 plane for all specimens. Orientation maps were recorded in the
TEM using ACOM (Automatic Crystallographic Orientation Mapping) under the
ASTAR NanoMegas system. Transmission Kikuchi diffraction (TKD) patterns were
collected in each lamella following a rectangular pattern with a step size of 5 nm. These
patterns were used to generate orientation maps after a cleaning procedure including
removal of mis-indexed data and grain dilation using the MTEX software [68]. Non-
indexed and mis-indexed points corresponded to <10 % of the acquired data.

X-ray diffraction (XRD) analyses were performed using a PANalytical C’Pert Pro
diffractometer with Co Ka1 (A = 1.7890 A) radiation. The XRD patterns were recorded
along the surfaces of discs through 6-26 scans undertaken from 26 = 10-90° using atime
step of 3 s and an angular increment of 0.02%step. The diffractograms were used to
estimate both the crystallite size and the dislocation density, p, using the Convolutional
Multiple Whole Profile (CMWP) software [69]. The instrumental profile was acquired
using lanthanum hexaboride (LaBs) powder.

3. Experimental results
3.1 Microhardness

Figure 2 shows the variation of the Vickers microhardness as a function of
distance from the centres of the Al-Zn-Mg-Cu discs after processing up to 100 HPT turns.
It is readily seen that the unprocessed alloy displays a uniform distribution of hardness
with values in the range of ~120-130 Hv. After 1/8 turn, the microhardness increases
throughout the whole surface of the disc and reaches values of >200 Hv at radii > 4 mm.

The hardness distribution becomes more heterogeneous after one HPT turn with
the Vickers microhardness varying from ~180 to ~250 Hv at the centre and edge of the
disc, respectively. Nevertheless, on additional straining there is no apparent increase in

5
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the hardness values at the edge of the alloy after an increase in the number of revolutions
from 1 to 5. Thisis consistent with earlier experiments undertaken with an Al 7075 alloy
which showed an apparent hardness saturation after processing through 5-10 turns| 14,33].
Despite this apparent saturation, it is readily apparent that the Vickers
microhardness increases significantly after 30 revolutions such that values of ~270 Hv
are recorded at the disc edge. Processing to 50 turns leads to additional hardening in the
aloy and finally produces a reasonable saturation condition. Thus, the metal processed
by 50 HPT revolutions attains a maximum hardness of ~290 Hv at the edge area and this
value of hardness extends to inner radial positions after 100 turns athough in this
condition values lower than 250 Hv remain evident at the centre of the disc.
3.2 Evolution of second phase particles

The microstructure of the Al 7050 alloy prior to HPT processing was carefully
analysed by SEM and representative results are displayed in Fig. 3. The secondary
electron (SE) image in Fig. 3 (a) reveas the presence of microcavities that are up to
hundreds of micrometres in length within the unprocessed disc. These cavities are
generally characteristic of spray-formed metals and they are not fully closed by the
subsequent extrusion. Examination using back scattered electrons (BSE) shows second
phase particles in the extruded alloy as indicated at two magnificationsin Fig. 3 (b) and
(c). The mean composition of these structures was estimated through severa EDS
measurements which permitted their classification into two separate categories.

The first group comprises coarse phases of a few micrometres in size localised
essentially at the grain boundaries where these particles exhibit a bright contrast and have
astoichiometry similar to Alo.CuMg intermetallics in agreement with earlier experiments
[1,64]. There are also some phases having colour gradients showing a dark contrast at

their inner areas and a bright shell. It was revealed through EDS measurements that these



O©CoO~NOOOUTA,WNPE

OO UIVIVIUUIUITUNUVVIUADNRNDRNDRNRAARNARNDNWWWWWWWWWWRNRNNNNNNNNNRPRPRRPRRERRRERRE
ORWNPRPOOONOTROMNRPOOONOURWNRPOOONOUIRWNRPOOO~NOURNWNROOONOURNWNERO

dark areas are rich in Fe and have a composition with a close resemblance to Al7CuzFe
compounds whereas the bright areas are rich in Cu.

The second group corresponds to finely dispersed MgZn. precipitates showing
needle or plate-like shapeswith an average length of ~120 nm. These particles cover most
of the grain boundaries and are uniformly distributed within the grains except for the
precipitate free zones (PFZs) asisevident in Fig. 3 (¢). The occurrence of heterogeneous
nucleation in the extruded metal permitted an easy identification of grain boundaries.
Accordingly, the grain size of the Al aloy in the initial condition was estimated as ~20
pm using the equivalent circle diameter method in Image J software.

The microstructures of the Al 7050 alloy processed through 1/8, 1, 30 and 100
turns were examined by SEM as shown in Figs 4 and 5 for BSE images taken at the
centres and edges of the HPT discs, respectively. Inspection of Fig. 4 (a) reveals the
existence of elongated cavities in the centre of the sample processed by 1/8 turn and at
this stage the microcavities are up to tens to hundreds of micrometresin length. After one
revolution there is areduction in the numbers of cavities and they tend to align parallel to
the tangential direction becoming closely-spaced voids instead of extended and branched
fissures. The size and areafraction of cavities decrease after 30 HPT turns but some voids
remain visible even after 100 revolutions. Both kinds of intermetallics remained visible
in the samples but the MgZn, precipitates became essentially indistinguishable in the
SEM images.

It follows from Fig. 5 that the elimination of microcavities through HPT
processing is more effective at the edges of the discs. After 1/8 turn, there are less fissures
at increasing disc radii and, even at this very early stage of processing, the cavities are
aready aligned paralel to the tangentia direction. These elongated cavities are gradually

closed with increasing straining and transform into arrays of fine voids. Then the
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microvoids line up with the shear direction in the metal processed by oneturn (Fig. 5 (c))
and display arandom distribution after 30 turns.

The absence of MgZn, particles in the BSE images near the disc edges on the
right-hand side of Fig. 5 is consistent with the dissolution of precipitates during HPT
processing where this phenomenon was documented earlier for an Al 7075 alloy
subjected to HPT under similar conditions [31,50]. An examination of Fig. 5 aso reveals
that the initially coarse intermetallics are gradually fragmented with increasing numbers
of turnsand thiswas also documented in severa earlier reportsfor thelarge second phases
in SPD-processed Al alloys [18,27,70-72]. This process is shown in Figs 5 (b) and (d)
where fine particles become detached from the larger intermetallics.

For each processing condition, the average size of theintermetallics was estimated
from measurements of the equivalent diameters of >100 particlesin the BSE imagestaken
at the disc edges and these results are presented in the histogram in Fig. 6. It is readily
seen that the coarse phases in the extruded alloy exhibit a mean diameter of ~5 um and
thisis reduced to ~4 um after one turn. Further straining leads to particle fragmentation
so that these phases display diameters of ~1 um and ~600 nm after 30 and 100 HPT
revolutions, respectively.

Figure 7 shows the X-ray diffraction patterns together with plots of the estimated
crystallite sizes and dislocation densities, p, as a function of the numbers of turns for Al
7050 discs processed through up to 100 HPT turns. The diffractogram of the extruded
metal shows severa peaks associated with the MgZn; precipitates. It also exhibits two
peaks originating from reflections of Al,CuMg lattice planes and a hardly distinguishable
peak at 26 =~ 40° which was indexed as Al7CuzFe. These analyses are consistent with the
microstructure observed in Fig. 3 and with earlier experiments[1]. Furthermore, al peaks
associated with second phases are absent in the X-ray profiles of the HPT-processed aloy
suggesting a significant decrease in their size or even precipitate dissolution.

8
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3.3. Evolution of grain structure

Figure 7 (b) shows that the metal processed by 1/8 turn displays an area-weighted
crystallite size of ~70 nm but thisis reduced to ~40 nm after 5 turns when it appears to
stabilise. This trend of reduction in crystallite size is then re-established after 30 turns
such that the Al alloy exhibits a crystalite size of <30 nm after 100 revolutions. The
extruded alloy displays a dislocation density of ~3.1 x 10® m? but nevertheless the
density increases by more than an order of magnitude and reaches avalue of ~5.8 x 10
m2 after 5 revolutions. Thereafter, the p values remain virtually unchanged up to 30 HPT
turns when they again show arising trend with p = 6.6 x 10 m after 100 revolutions.

The grain structures of the Al 7050 aloy were examined through TKD scans
conducted in areas located at ~3.5 mm from the centres of each disc. Figure 8 shows
orientation maps of the Al-Zn-Mg-Cu alloy processed by 1, 30 and 100 turns,
respectively. High-angle grain boundaries (HAGBSs) with misorientation angles >15° are
delineated in black and low-angle grain boundaries (LAGBSs) are coloured in red.

It is apparent from Fig. 8 (a) that the metal processed by one HPT turn exhibits
elongated grains with very few subgrains in their interiors. After 30 revolutions, thereis
ahomogeneous array of grains having much lower aspect ratios and only afew remaining
LAGBSs. It is surprising to note also that the grains of the alloy processed through 100
turns are even further refined and become more elongated in a single direction.

Figure 9 shows histograms of (a) the area fractions of the grain diameters and (b)
the misorientation angles for the HPT-processed material. For convenience, the values of
the area-weighted grain size, d, the mgjor and minor grain axes, and the fractions of
HAGBsare summarised in Table 1. The results show that grains having high aspect ratios
constitute most of the microstructure after processing by one turn. Nonetheless, thereisa
minor population of ultrafine grains at the boundaries of the coarse structures and these
exhibit sizes comparable to those after 30 turns.

9
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Inspection of Fig. 9 (a) reveals that the distribution of grain diameters is less
dispersed after 30 revolutions and it is shifted towards smaller grain sizes. There is a
significant reduction in the aspect ratios of these structures which were refined down to
d = 140 nm. This is consistent with earlier experiments on Al-Zn-Mg-Cu aloys where
approximately equiaxed grains with average sizes of ~120-310 nm were obtained through
HPT processing [15,29-33]. After 100 turns, the Al alloy exhibits an average grain size
of ~93 nm, the grain structures become more elongated and they display an aspect ratio
which is comparable to that measured along the cross-sections of Ta discs processed by
HPT up to microstructural saturation at a homologous temperature of ~0.2 [73,74].

Theresultsin Fig. 9 (b) and Table 1 demonstrate that the Al 7050 aloy continues
to exhibit alarge fraction of LAGBs (~35 %) after one HPT turn. This fraction decreases
to ~13 % after 30 turns and the corresponding histogram of the misorientation angles then
shows a closer resemblance to the standard Mackenzie distribution [75] which is
delineated by the solid curvein Fig.9 (b). By contrast, additional straining up to 100 turns
promotes an increase in the fraction of LAGBswherethisis especially evident for angles
<6°. It should be noted also that Fig. 9 (b) shows a large fraction of boundaries with
misorientation angles of 60° after processing through 100 turns. Thus, the fraction of
these boundariesincreases with increasing torsional straining suggesting the development
of coherent X3 60° <111> twins [76,77].

Figure 10 displays Bright Field (BF) and High Resolution (HRTEM) TEM images
of the microstructures at the edges of Al 7050 discs processed by 1, 30 and 100 HPT
turns. Fig. 10 (a) shows the presence of dislocation tangles within elongated grains for
the aloy processed through one turn. These structures evolve into nearly equiaxed grains
after 30 revolutions in Fig. 9 (b) and further deformation promotes the development of
nanosized grains with high aspect ratios asin Fig. 9 (d). These grains are mostly free of
internal defects athough afew isolated dislocations are visible in the TEM images.

10
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A magnified inspection reveals that a few of the grain boundaries in the disc
processed by 30 turns exhibit adark contrast as demonstrated in Fig. 10 (c). Thefractions
of boundaries appearing dark increases after processing by 100 revolutions and some
nanosized domains appear within the microstructures of the deformed discs asis evident
inFigs 10 (e) and (f). Thesefeatures suggest the occurrence of grain boundary segregation
and precipitation during the HPT processing as reported aso for similar SPD-processed
alloys[37,48,50].

4. Discussion
4.1 The effect of SPD conditions on the mechanical strength of Al-Zn-Mg-Cu alloys

This investigation demonstrates that processing an Al-5.7Zn-1.8Mg-2.1Cu alloy
(Al 7050) through HPT leads to a complex sequence of structural changes including the
closing of internal cavities and concomitant precipitate fragmentation and grain
refinement. Ultimately, the Al aloy subjected to 100 HPT turns exhibits a homogeneous
array of grainswith an exceptionally small average grain size of ~93 nm. This contributes
to the achievement of outstanding strengthening as is evident from the remarkably high
hardness of ~290 Hv in the HPT-processed aloy.

To visualise theinfluence of HPT processing on the mechanical strength and level
of grain refinement in Al-Zn-Mg-Cu alloys, the minimum grain size achieved in different
studies and the corresponding hardness values are listed in Table 2 together with
information concerning the compositions of the alloys and their thermomechanical
histories. In addition to HPT processing [14,15,27-34], the data also include materials
processed by ECAP [12,13,36] and FSP [22-26].

Inspection of the results presented in Table 2 demonstrates that, in general, finer
grain structures and higher hardness values are attained in Al-Zn-Mg-Cu alloys processed
using HPT, followed by ECAP and FSP, respectively. After FSP, these alloys exhibit
grain sizesfrom ~1.6 to 6.1 um and thisisindependent of the processing conditions. This

11
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is a direct consequence of the significant temperature rise of the Al sheets during FSP
which may display temperature increments of the order of ~700 K [22]. It is worth noting
also that attempts to incorporate a cryogenic cooling system [22] in the FSP apparatus
and the application of atransverse speed of ~2000 mm min™ [26] successfully generated
finer grain structures although the grain sizes remained within the micrometre range.

It is aso shown in Table 2 that there are reports of grain sizes from ~0.15 to ~1
pm and hardness values of ~116-228 Hv for Al-Zn-Mg-Cu alloys processed by ECAP.
This wide range of grain sizes is a consequence of the wide variety of processing
conditions and especially the different homologous processing temperatures. It follows
from these data sets that lower temperatures lead consistently to the formation of finer
grain structures but not necessarily to higher values of hardness because additional
mechanisms, such as precipitate strengthening, contribute to the higher strengths achieved
in the ECAP-processed metals.

Processing by HPT breaks the barrier for achieving nanosized grains in Al-Zn-
Mg-Cu alloys because the hydrostatic compressive stresses associated with thistechnique
make it possible to attain high strains during processing at RT without introducing any
material cracking. The average hardness values reported in Table 2 after HPT processing
range from ~197 Hv for an Al 7075 aloy processed at 473 K [31] to ~285 Hv after
processing at RT and allowing natural ageing for 20 days [34], where this latter value is
similar to the hardness of ~289 Hv observed for the Al alloy after processing by 100 turns
in the current study. The grain sizes from HPT processing vary in Table 2 from ~0.31 um
in an Al-5.6Zn-2.5Mg-1.6Cu aloy [14] to ~0.04 um in an Al-9.4Zn-2.5Mg-2.5Cu alloy
[27] where both materials were processed by a combination of ECAP and HPT.

It is now well established that grain boundary strengthening at low homologous
temperatures may be expressed in terms of the Hall-Petch relationship [78,79] whereby
the Vickers hardness, H, and the grain size, d, are given by

12
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H=Hy+ kd™1/? (1)
where k and H, are materia constants. In order to assess the importance of this
strengthening mechanism on the load-bearing capacity of Al-Zn-Mg-Cu alloys processed
by SPD, the Vickers microhardness is plotted in Fig. 11 as a function of d¥2 for the
Al 7050 alloy processed by 1, 30 and 100 HPT turnsin the present investigation and, in
addition, there are datum points from SPD-processed Al aloys having similar
compositions.

It is readily apparent from Fig. 11 that there is a genera trend of increasing
Vickers hardness with a reduction in grain size. The experimental datum points lie very
close to a single line for Al-Zn-Mg-Cu alloys when the grain sizes are above ~1 um,
where these data are coloured in red to highlight that processing was carried out at high
temperatures and they correspond to Al alloyswith Zn contents within theinterval of 5.4-
5.7% processed either by FSP or ECAP at elevated temperatures. Nevertheless, special
care must be taken to analyse the trends depicted in Fig. 11 as additional strengthening
mechanisms such as precipitate and dislocation strengthening may act concurrently with
grain boundary strengthening.

It was demonstrated consistently for an Al-5.7Zn-2.6Mg-1.5Cu alloy processed
by ECAP at different temperatures that an increase in the processing temperature leadsto
the formation of larger precipitates, larger grain structures and a lower density of
dislocations [36]. Furthermore, even larger grain sizes and precipitates were reported for
Al alloys processed by FSP showing higher peak temperatures [22,26]. Accordingly, the
higher slope in the first region of Fig. 11 does not reflect a more prevalent contribution
from grain boundary strengthening for this range of grain sizes but instead it appearsas a
direct consequence of both the higher dislocation densities and the finer precipitate sizes

that follow from the processing conditions which generate finer grain sizes.
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Although there continues to exist a clear trend of increasing strength with
decreasing grain sizes, the datum points from the Al aloys having d < 1 um are more
scattered and clearly display alower slope. It was shown recently that the grain boundary
strengthening in UFG metals is generally consistent with the theoretical mechanism
developed to explain grain boundary dliding (GBS) [80]. This mechanism predicts an
almost linear relationship between the strength and the inverse of the square-root of the
grain size for high melting temperature metals and this agrees with the Hall-Petch
relationship shown in Eq. (1). The mechanism also predicts a decrease in slope in the
relationship for small grain sizes and this becomes more significant in metals with
moderate or low melting temperature such as Al. Thus, the lower slope in the UFG range
inFig. 11 agrees, at least qualitatively, with the predictions from the GBS mechanism.

The UFG structures were mostly attained by processing through ECAP and HPT
at RT and the corresponding datum points are coloured black in Fig. 11. It is apparent that
Al dloys with higher amounts of Zn achieve finer grain sizes after HPT processing.
Careful inspection of the datareveals also that the hardness values obtained in individual
studies through the application of different strain levels tend to increase with increasing
d~1/2. Nevertheless, Al microstructures having similar grain sizesmay sometimes exhibit
different hardening levels due to the action of additional strengthening mechanisms.

It is interesting to note that a solution-treated Al-6.1Zn-2.8Mg-1.0Cu alloy
displayed grains with an average size of ~0.70 um immediately after 10 HPT turns and
attained aVickers hardness of ~228 Hv [34]. After natural ageing for 20 days, the hardness
increased to ~285 Hv and the only major change in the microstructure was an increasein
the fraction of MgZn> precipitates. Nanosized MgZn, particles were also identified in an
Al-5.9Zn-2.5Mg-1.4Cu alloy processed at RT but the same metal processed by HPT at

473 K achieved alower hardness and exhibited coarser precipitates[31,50]. MgZn, phases
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were not detected in Al-5.7Zn-2.6Mg-1.5Cu and Al-5.6Zn-2.5Mg-1.6Cu alloys after
ECAP at RT [12,36] where hardness values were attained below the trend linein Fig. 11.

Based on thisanalysis, it is concluded that one of the reasons for the large scatter
inthe datum pointsin Fig. 11 may be attributed directly to the very significant role played
by precipitate strengthening in the load-bearing capacity of these metals. However, it
should be noted that the datum points corresponding to the Al 7050 alloy processed in
this study belong to the upper part of Fig. 11 although only afew MgZn> precipitateswere
visible after HPT and the fragmented intermetallics were too large to make significant
contributions to the overall material strength. Accordingly, the extremely high hardness
attained in the present experiments is due to a combined effect of grain boundary and
dislocation strengthening for the alloy processed by 1 and 30 revolutions.

Furthermore, this effect may be augmented by a solute drag effect arising from
the presence of segregates at the grain boundaries in the material subjected to 100 HPT
turns as documented for other Al aloys having Nb [81] or Cu and Mg additions [82-84].
The contribution of grain boundary segregation has been recently assessed for an Al-Cu-
Mg aloy processed by 10 HPT turns and further aged at 423 K [84]. In this study, TEM
and atom probe tomography analyses were conducted to measure the mean composition
of the segregated boundaries. The results revealed that ~0.5 at.% of Mg and Cu solutes
segregated to the grain and subgrain boundaries and this increased the yield strength of
the alloy by ~200 M Pa when compared with the HPT-processed metal prior to ageing.

By assuming that Vickers hardness [MPa] = 3 x Yield stress [MPa], thisincrease
in strength is comparable to the differences in the hardness of the Al7050 alloy processed
by 100 HPT turns and other Al alloys with ssimilar compositions and grain sizes, which
do not exhibit extensive grain boundary segregation. Nevertheless, further studieswill be

needed to identify the precise nature and the total amounts of the segregated elements at
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the grain boundaries and thus to thereby quantify the contribution of segregation
strengthening.
2 The development of two-stage hardening in the Al-Zn-Mg-Cu alloy processed by HPT

It is evident from this study that processing an Al-Zn-Mg-Cu aloy through avery
large number of HPT revolutions promotes the development of a new equilibrium
microstructure exhibiting a uniform array of nanostructured grains having a high aspect
ratio. This microstructural evolution relates also to an unusual increase in the hardness
values asis apparent after larger numbers of HPT turnsin Fig. 2.

In order to better understand the relationship between the material strength and
the amount of imposed plastic deformation, the mean values of the Vickers microhardness
recorded at the same radial position, R, for agiven number of turns, N, are plotted in Fig.
12 against the calculated equivalent strains, ee, imposed on the HPT discs during
processing. A reasonable representative thickness, h, of 0.70 mm was considered in the
calculations using the following expression [85]:

2TRN
Eeq = T

Additional datum points are also included in Fig. 12 for similar Al alloys processed by

)

HPT [27-29,31-33].

Figure 12 (a) revealsthat there in avery sudden increase in the hardness valuesin
the early stages of processing and the Vickers hardness increases at a lower rate for
equivalent strains within the interval of ~300-1000. To investigate the hardening
behaviour in more detail, the equivalent strain is plotted using a logarithmic scale in
Fig. 12 (b) inwhich it is evident that there occurs a sharp increase in the Vickers hardness
with increasing strain up to &4 = 30 for the Al-Zn-Mg-Cu dloys processed by HPT.

During this period, the plastic deformation leads to an increase in the density of
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dislocations and the microstructure of the coarse-grained material is gradually fragmented
through the formation of cells and subgrains.

At the end of the first hardening stage, the microhardness reaches a plateau which
IS an apparent saturation condition and then it remains approximately constant up to
€eq ~ 300. The hardness values achieved throughout this strain range are reasonably
consistent with values reported in various earlier studies despite differences in the
compositions of the Al alloys and variations in the HPT processing parameters including
the rotation rates and sample sizes [27-29,31-33]. The hardening behaviour observed for
the Al 7050 alloy up to this stage of HPT corresponds to the conventional hardening
model termed hardening without recovery [60] where the genera trend is consistent with
data recorded for many different SPD-processed metals [61].

The dislocation density remains essentially constant at strain levels corresponding
to thisfirst plateau. Also, the microstructure of the Al-Zn-Mg-Cu aloy consists of grains
having sizes in the submicrometre range with aspect ratios typically of ~4. At this stage,
the grain size is maintained reasonably constant through dynamic restoration processes
involving the motion of grain boundaries to diminish the Gibbs free energy of the system.
At high temperatures the restoration mechanism involves dynamic recrystallization and
is controlled by diffusion [86]. Nevertheless, at the low homol ogous temperatures of the
current study the restoration process is mechanically driven such that the high external
and internal stresses during deformation provoke a strain-induced grain boundary
migration [54,73,87].

Unusually, it is readily apparent from Fig. 12 (b) that the Vickers hardness
increases again at €., = 300 and finally achieves an apparent second saturation at &,, >
1000. This new meta strengthening is a direct consequence of the development of a
homogeneous array of highly elongated grains with a measured area-weighted size of ~93

nm. Thus, this behaviour demonstrates conclusively that it is possible to achieve a two-
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stage hardening curve in HPT processing which adds a further complexity to the
conventional single-stage hardening curves that are now widely used and accepted [60].

In practice, this complex hardness evolution involving two separate and
consecutive saturation plateaux is consistent with observations of the hardening
behaviour in originally immiscible material systems [88] and in Mg-Zn powders [89]
subjected to high-pressure torsion. For example, for the Cu-6at%Ag system [86] a UFG
saturation microstructure was formed at the first hardening stage in HPT and further
straining induced a dissolution of the minor phase accompanied by hardening so that
finally the microhardness reached a second plateau and the initially dual-phase system
became a single-phase nanostructured microstructure.

There is an analogous situation in the Al-Mg system where there is a report of
extreme supersaturation of Mg in an Al matrix after processing discs of a commercia
purity (99.5%) aluminium alloy and a ZK60 magnesium aloy by up to 100 turns of HPT
[90,91]. In this material, the HPT-processed disc exhibited a uniform distribution of
hardness with an average value of ~360 Hv and the microstructure of the synthetised Al-
Mg aloy displayed an average grain size of ~40 nm. Cold-consolidation through HPT
processing also led to unusually high hardness values of ~500 Hv in a mechanically-
bonded hybrid Al-Cu system [92] after 60 HPT revolutions. It is therefore evident that
the achievement of extremely high hardness values and nanosized grain structures are
directly associated with the development of a new supersaturated metastable state in
hybrid systems through the imposition of very large strainsin HPT processing.

It is interesting to note that a second stage of hardening was also encountered in
an HPT-processed Al-5%Zr aloy at &,, > 10000 [63]where this alloy contained coarse
AlZrs particles prior to processing. Nevertheless, the very large strainsin HPT processing
prompted the accommodation of higher amounts of Zr in solid solution and generated a

supersaturated Al-Zr aloy with an unusually high hardness [63]. Similarly, the
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undeformed Al 7050 alloy in the current study exhibited large numbers of second phase
particles and these particles were fragmented and mostly dissolved into the Al matrix
after HPT processing up to strain levels corresponding to the second hardening plateau.
It is thereby concluded that the occurrence of a two-stage hardening in HPT-processed
materials is dependent upon the nature of the microstructure prior to deformation since
the second hardening stage is apparently triggered by the dissolution of precipitates and
the achievement of an extreme supersaturation during severe plastic deformation.

The TEM images in Fig. 10 reveal that the grain boundaries of the Al alloy
processed by 100 revolutions exhibit a dark contrast which is a characteristic of solute
segregation at the boundaries. Thus, adterations in the arrangements of atoms leading to
more close-packed structures in the vicinity of grain boundaries reduce their intrinsic
interfacial energies and this decreases the rate of migration of HAGBSs. This explains the
decrease in the saturation grain size and the high aspect ratios observed in the fina
deformation stage in these experiments.

In conclusion, therefore, the unusual two-stage hardening phenomena devel oped
inthe present investigation and illustrated in Fig. 12 shows anew type of behaviour which
contrasts with the conventional single-stage hardening reported in other alloys[60]. This
new result may beillustrated schematicaly asin Fig. 13 which describes the variation of
hardness with equivalent strain and typical microstructures in an Al-Zn-Mg-Cu aloy in
the undeformed state and after HPT processing up to strains within the first and second
plateaux. It is evident from Fig. 13 that the Al alloy initially exhibits coarse grains and a
profuse distribution of finely dispersed second phase particles but at the end of the first
stage of hardening the material displays ahomogeneous array of dlightly elongated grains
with the presence of few precipitates. Further straining ultimately increases the hardness

leading to a second apparent saturation condition. This behaviour is associated with the
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development of finer microstructures with grains having large aspect ratios and with

evidence for some solute segregation at the grain boundaries.

5. Summary and conclusions

1- An Al-5.7Zn-1.8Mg-2.1Cu alloy having adispersion of second phase particles,
an average grain size of ~20 um and a dislocation density of ~3.1 x 10 m?, was
processed through HPT at RT to produce a grain size of ~93 nm after 100 revolutions.

2- The hardness and microstructural evolution of the alloy exhibits two distinct
stages. First, for equivalent strains, e,,, up to ~30, there is a rapid increase in both the
microhardness and the dislocation density which achieve maximum values of ~240 Hv
and ~5.8 x 10™ m2, respectively. In this stage, the strengthening is attributed to the
accumulation of dislocations and their rearrangement into fine subgrains.

3- At the end of thefirst hardening stage, plastic flow reaches an apparent saturation
condition where both the microhardness and the dislocation density remain unchanged for
strainsranging from ~30 to 300. The material processed by 30 HPT turns exhibitsauniform
array of grains with an aspect ratio of ~4 and an average size of ~140 nm.

4- Further straining up to 100 revolutions leads to the onset of a new hardening
stage such that the HPT-processed all oy reaches asecond hardness plateau for €., = 1000
and exhibits a maximum hardness of ~290 Hv. This marked increase in hardness is
consi stent with the strengthening predicted through the Hall-Petch rel ationship and occurs
due to the development of a homogeneous array of highly elongated grains with some
solute segregation at the grain boundaries.

Data Availability
The raw/processed data required to reproduce these findings can be shared upon request.
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Figure captions:

Fig. 1. Representation of the sampling positions associated with the microstructural
analyses undertaken in the Al 7050 discs.

Fig. 2. Variation of the Vickers microhardness recorded at the mid-section position with
distance from the centresfor the Al 7050 discsin theinitial condition and after processing
by HPT.

Fig. 3. SEM micrographs showing the distribution of microcavities and second phase
particles along the surface of an Al 7050 disc immediately before HPT processing: (a)
secondary electron (SE) image, (b, c) back scattered electron images at two different
magnifications.

Fig. 4. BSE images obtained at the centre of Al 7050 discs processed through
(@ /8, (b) 1, (c) 30 and (d) 100 turns of HPT at RT.

Fig. 5. BSE images obtained at different magnifications at the edges of Al 7050 discs
processed through (a, b) 1/8, (c, d) 1, (e, f) 30 and (g, h) 100 turns of HPT.

Fig. 6. Histograms showing the average diameters of second phase particles for discs of
the Al 7050 alloy processed through different numbers of HPT turns.

Fig. 7. () X-ray diffraction patterns and plots of (b) crystallite size and dislocation density
as a function of numbers of turns for discs of the Al 7050 alloy
subjected to up to 100 turns of HPT processing.

Fig. 8. Orientation maps of the Al 7050 aloy processed through (a) 1, (b) 30 and (c) 100
turns of HPT at RT.

Fig. 9. Histograms of (a) the area fractions of the grain diameters and (b) the
misorientation angles for the Al 7050 alloy processed through 1, 30 and 100 HPT turns:
the solid curve in (b) shows the conventional Mackenzie distribution.

Fig. 10. TEM images at different magnifications showing details of the grain structures of
the Al 7050 alloy processed through (@) 1, (b, ¢) 30 and (d, e, f) 100 turns of HPT at RT.
Fig. 11. Plots of Vickers microhardness as a function of d*? for the Al 7050 aloy
processed through 1, 30 and 100 revolutions of HPT at RT: additional datum points are
included for similar Al-Zn-Mg-Cu aloys processed by HPT [14,15,27-34],
ECAP[12,13,36] and FSP [22-26].

Fig. 12. Plots of Vickers microhardness as a function of equivalent strain, éeq,
for Al 7050 discs subjected to up to 100 turns of HPT: the & values are
plotted using either (@) linear or (b) logarithmic scales and additional datum
points are included for similar Al aloys processed by HPT [27-29,31-33].

Fig. 13. Schematic illustration of two-stage hardening and typical microstructures
developed in Al-Zn-Mg-Cu alloys processed by HPT at RT.
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Table captions:

Table 1. Grain size, average values of the minor and major grain axes, aspect ratio and
fraction of HAGBs for an Al 7050 alloy processed by different numbers of HPT turns.
Table 2. Reports of grain size and Vickers hardness in Al-Zn-Mg-Cu aloys after SPD
processing.

30



