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Abstract

An investigation was conducted to evaluate th&uanfce of applied pressure on the
processing of an aluminium 5483 alloy by high-puesgorsion (HPT). Discs were processed
by HPT through 1/4 to 5 revolutions at room tempe® using the two different applied
pressures of 1.0 and 6.0 GPa. Samples were exdnaifter HPT using microhardness
measurements and transmission electron microsc@plour-coded maps were constructed to
show the hardness distributions and the mechamicgierties were evaluated by tensile
testing. It is shown that the results are depeindeon the applied pressure such that a higher
pressure enhances the accumulation of defectsemut$ to a more rapid grain refinement.
The effect of pressure is especially visible in ¢lagly stages after fractional numbers of turns
since the microstructure and properties tend todgenize at high numbers of turns.

Keywords: Al-Mg alloy; Applied pressure; Grain refinementligh-pressure torsion;
Microhardness.
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1. Introduction

The processing of bulk metallic samples througheeewplastic deformation (SPD)
methods provides an opportunity for achieving ekoepl grain refinement, even to the
nanometer level [1-5], and this produces a veryswudtial increase in the mechanical
strength. Although a number of SPD processingrigcies are now available [6-9], most
attention has centred on the use of either equahudl angular pressing (ECAP) where a rod
or bar is pressed through a special die [10] ohdpigessure torsion (HPT) where a disk is
subjected to a high applied pressure and concutogstonal straining [11]. In practice,
experiments show that HPT is the optimum procespingedure because, by comparison
with ECAP, it leads both to smaller grains [12,48{ to a larger fraction of grain boundaries
having high angles of misorientation [14]. For mxde, experiments on an Al-5% Mg alloy
gave a grain size of ~70 nm when processing by &Rdom temperature [5].

In HPT processing, the applied strain is a majoapeter influencing the process of
grain refinement and the final microstructure. tewer, the equivalent von Mises straig,
imposed during torsional straining is given by latrenship of the form [15]:
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whereN is the number of revolutions amdandh are the radius and height (or thickness) of
the disc, respectively. It is readily apparentfriq. (1) that there is zero strain at the centre
of the disc and then a linear increase so thastilan is a maximum at the edge of the disc. It
is reasonable to anticipate from Eq. (1) that thershardness and the microstructure will be
strongly inhomogeneous in HPT samples and speltyfidaey will depend upon the precise

location within the disc. In practice, howeverjstls true only in the initial stages of

processing and after a sufficiently high numbeH®T revolutions both the hardness and the
microstructure generally become reasonably homagendoth across the disc surfaces

[16,17] and through the vertical cross-sectionghaf HPT discs [18]. This evolution is
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consistent with the predictions of the HPT progegdrom strain gradient modelling [19].
Generally, and with only a small number of excapidhe microstructure ultimately attains a
steady-state condition and this is consistent \aiteaturation in the microhardness which
becomes apparent when the individual microharddatism points are plotted as a function
of the equivalent strain [20-23].

It is also anticipated that the applied pressurey nmave an effect on the
microstructural development since the imposition pessure in HPT prevents crack
formation and segmentation in the processing ofl-@deform materials [24]. This high
pressure is also crucial for generating frictioioates that are sufficiently high to firmly hold
the samples and allow torsion straining without dleseurrence of any slippage [25]. There
are reports documenting the development of conuexatures on the surfaces of discs after
HTP processing [26,27] and recently it was shownoubh finite element modelling that this
is a consequence of the elastic deformation oathals during the processing operation [28].
It was noted also that the thickness variationh&HPT samples depend upon the maximum
applied pressure during processing. This shapangehdakes place during the initial
compression stage in HPT because material is favaesdards between the anvils around the
periphery of the disc and the amount of this extrusncreases with increasing imposed
pressure. This phenomenon is well known and has lelequately described using finite
element analysis [29]. More important in the cahtef the present investigation are the
stress-strain distributions within the sample. cp=lly, the model shows that the effective
stress and strain in the central regions of thepressed discs increase with pressure as a
consequence of the frictional forces acting on dise surface which influence the plastic
deformation and hardening behaviour of the material

The general conclusion from these earlier analigstsat the magnitude of the applied

pressure will influence the macroscopic behavidusammples during HPT processing and it



will also affect the generation of defects and twerall microstructural evolution. For
example, the generation of point defects is astatisvith an increase in volume of the
material and the presence of a compressive straishimder this process by reducing their
formation and mobility rates and hence decreaslhmsgrate of dynamic recovery [29,30].
Also, the energy of dislocation formation will becreased due to changes in the shear
modulus G, Poisson ratiov and the magnitude of the Burgers vedbor Earlier reports
demonstrated that the applied pressure facilititeshomogenization of the microstructure
and the microstructural properties such that adrigiressure leads to less inhomogeneity
across the disc radius and thereby facilitates dbeelopment of a reasonable level of
homogeneity after lower numbers of turns [13,3MNevertheless, detailed experiments with
an Al-6061 alloy using applied pressures of eith@b or 4.0 GPa showed the high hardness
values recorded at the outer edges of the disce veasonably independent of the applied
pressure but the extent of this region of high hasd was dependent upon both the applied
pressure and the number of torsional revolutio$. [3

These earlier results on the Al-6061 alloy werdtkoh exclusively to measurements of
the microhardness on the upper surfaces of the.diccordingly, the present investigation
was initiated to provide a more comprehensive etadua of the effect of the applied pressure
in HPT processing by examining the hardness vadaesoth horizontal and vertical sections
within the HPT discs, by conducting detailed mitnestural observations and by examining
the mechanical properties through tensile testirrg@n temperature using miniature samples
cut from discs after HPT processing.
2. Experimental material and procedures

The experiments were conducted using an alumiiisvi83 alloy containing 5 wt%
of magnesium where the material was received irfdha of hot-extruded 50 mm diameter

bars. This type of alloy has a high ability to atwlate plastic deformation and produce very



fine grain size structures. The alloy does not leixldage hardening behaviour which implies
that the grain size will be the major strengthenimgchanism. For HPT processing, a wire
electric discharge machine (EDM) was used to cstdiwith diameters of 10 mm and
thicknesses of ~0.8 mm.

The HPT processing was conducted at room temperatoder quasi-constrained
conditions where there is a small outflow of matiearound the periphery of the disc during
the processing operation [26,27,33]. Discs wersidoally strained by rotating the lower
anvil at 1 rpm through 1/4, 1/2, 1, 3 and 5 reviols. In order to determine the influence of
pressure on the microstructure and mechanical piepethe HPT processing was conducted
under separate applied pressures of either 1.(0DdBBa.

After HPT processing, hardness tests were condwstehe polished surfaces of discs
using an FM-300 microhardness tester equipped avitickers indenter. Measurements were
taken under a load of 100 g and a dwell time o$ Albng diameters randomly selected across
each disc with a spacing of 0.3 mm between the wniggs points. In order to provide a
comprehensive overview of the influence of the HPfocessing parameters on the
homogeneity of the structure, detailed microhardmasasurements were also taken over the
total surfaces of the polished middle sectionsetéted discs by following a rectilinear grid
pattern and recording the hardness values withragpas of 0.3 mm between each measuring
point. Finally, discs were sectioned verticallgdrardness measurements were recorded after
polishing on one-half of each cross-sectional pkatlewing a rectilinear grid pattern with a
spacing of 0.1 mm between measuring points. Téelteerecorded on the central planes and
the one-half cross-sectional planes were thenqulatt the form of colour-coded displays of
the hardness variations following the procedurég®duced earlier for achieving simple visual

displays of the hardness variations in ECAP [34] BIRT [16,17].



The mechanical properties were investigated afteil processing by conducting
tensile tests at room temperature. Using EDM, taiaiature tensile samples with gauge
lengths of 1.0 mm were cut from each disc fromaaffitre positions located 2.5 mm from the
central points as shown in Fig. 1, where the ceotreach disc was not included in order to
avoid any inhomogeneities that may exist in thentig of this central region [36]. Tensile
tests were conducted using a Zwick/Roell 005 tgstiachine at an initial strain rate of 1.0 x
10° s The engineering strain was continuously trackeihg optical non-contact
displacement measurements and Digital Image CaiorléDIC) [37].

The internal structures of each disc were examu&dg a scanning transmission
electron microscope (STEM) Hitachi 5500 operatihg3@ kV and a transmission electron
microscope (TEM) JEOL 1200 EX operating at 120 kMicrostructures were examined in
the central region of each disc and at points aBdutmm from the disc centres to represent
the edge regions. The TEM samples were prepariad tsin-jet electro-polishing at 5°C.
with an electrolytic solution of 30% of HNCGand 70% of CHOH. Selected-area electron
diffraction (SAED) patterns were recorded from ocgwi having diameters of 5 um.

3. Experimental results
3.1 Variations of microhardness across surface disc diameters

The values of the Vickers microhardness recordwdsa the surface disc diameters
are shown in Fig. 2 where the lower dashed lineotdsnthe initial hardness prior to HPT
processing. For simplicity in presentation, dagshown only for samples processed by HPT
through 1/4 and 5 revolutions under imposed pressaf 1.0 and 6.0 GPa. These samples
show typical increases in hardness relative toiniteal condition but the hardness values
depend critically on the numbers of HPT revolutiorfsurthermore, these measured values

tend to be highly non-uniform across the diametérthe samples for low numbers of turns



but there is a transition to a reasonable degreeonfogenization after higher numbers of
turns with a hardness plateau at4215.

Close inspection shows that the microhardnessegatiany selected condition depend
only slightly on the applied pressure. Thus, arease in applied pressure from 1.0 to 6.0
GPa produces a small but measurable increase iHvthalues after 1/4 turn but at 5 turns
both pressures give essentially the same valuesfand the two sets of hardness data are
almost coincident. After 5 turns, the results frboth pressures show that lower hardness
values are recorded in the central region overamdier of ~2 mm and this is identical for
both 1.0 and 6.0 GPa.
3.2 Variation of microhardness values across horizontal and vertical sections

Fig. 3 and 4 show the influence of applied pressur the microhardness distributions
for discs subjected to 1/2, 1 and 3 revolutionsenmqtessures of 1.0 and 6.0 GPa in the disc
central plane and in vertical cross-sectional @amnespectively. All of these microhardness
values are plotted as colour-coded contour mapsenthe linear coordinates andY denote
two arbitrary axes selected as the orthogonal ¢oatel system and the hardness values are
indicated by the scales on the right. These dysppaovide direct evidence that the applied
pressure affects the local values of the microhessgn Thus, it is evident in Fig. 3 that the
discs processed with the smallest numbers of wirig2 and 1 show central regions of lower
hardness that extend over wider diameters thahdrdiscs processed with a pressure of 1.0
GPa. In addition, there are local inhomogeneitvbgch are uniformly distributed across the
disc surfaces up to 3 turns for both applied pressalthough these local inhomogeneities are
greater in the disc processed to 1 turn undersspre of 1.0 GPa.

In Fig. 4 there are differences between the tecidsrtowards higher hardness values
and these differences depend upon the appliedyseessn general, the results confirm that

the local hardness values recorded on the verticas-sections are generally comparable



with those on the horizontal surfaces but againdib&ibutions of hardness values across the
cross-sections depend on the applied pressures, Pinocessing under an upper pressure of
6.0 GPa leads to significant hardening throughbetdiscs with lower hardness values in the
centres and a gradual increase of hardness towsedsdges. In practice, it is apparent that
the hardness values are fairly uniform across tbe tthicknesses. A hardening behaviour is
also observed when processing under a pressur® @Ha but the evolution through the disc
thickness tends to be more inhomogeneous. Thisl tie especially visible after 1 and 3
revolutions where there is a significant variatimiween the central and upper/lower surfaces
of the discs. In general, the highest values ofitiess are observed in the central portion of
the sample.

3.3 Microstructural observations after HPT

The microhardness measurements were supplemented examining the
microstructures by TEM in the central and outetgaf each disc. Representative examples
are shown in Fig. 5 where the applied pressureg.@r&Pa in the left column and 6.0 GPa in
the right column, the two upper rows are for theteeafter 1/2 and 5 turns and the two lower
rows are for the edge after 1/2 and 5 turns. Hselts also include the SAED patterns for
each processing conditiorQuantitative measurements of the grain sizes arerguized in
Table 1 for all processing conditions.

Up to 1 revolution there was no significant greafinement in the central regions at
either applied pressure and the mean grain sizeaapgp reasonably consistent with the grain
size of ~25um in the as-received sample. Nevertheless, thsityesf dislocations increased
when compared with the as-received material andetheislocations were essentially
uniformly distributed within the grains. It is irogant to note the differences between
samples processed under these two applied pressisdte number of revolutions increases,

the structure in the central region starts to ex@lad after one revolution under a pressure of



6.0 GPa there were some regions of grain refinesieotving ultra-fine grains. By contrast,
under a pressure of 1.0 GPa there was only a hagtidn of dislocations and slip bands after
1 turn. These differences are readily apparetitign 6(a) for 1.0 GPa and Fig. 6(b) for 6.0
GPa.

At the edges of the discs, the structures werblyigeformed and significant grain
refinement occurred in these regions at both presseven after only 1/2 turn as shown in
Fig. 5. Thus, the average grain sizes were redtawed 70 and ~155 nm for pressures of 1.0
and 6.0 GPa, respectively. These ultrafine graeie reasonably equiaxed and the azimuthal
spreading of spots in the SAED patterns indicabedpresence of high internal stress in these
regions. This suggests that a major proportiothefgrain boundaries have low angles of
misorientation. A detailed analysis of the graimes showed a visible difference in the
samples processed through a fractional numbewofugons. Thus, grain size measurements
near the edge in the samples processed by 1/4awemean grain sizes of ~200 and 170 nm
after processing under pressures of 1.0 and 6.0, Gf3pectively. All of these early
measurements show a potential for achieving gregtain refinement at higher applied
pressures in the very early stages of HPT procgssimereas after 5 turns the measured
average grain sizes were similar at ~110 and ~I2Cafter processing at 1.0 and 6.0 GPa,
respectively.

It is readily evident from Fig. 5 that processthgough 5 revolutions was sufficient to
form a homogeneous structure throughout the samptesvever, for both applied pressures
there was a small but significant difference in #fverage grain sizes measured in the central
and edge regions as shown in Table 1 where tha grzes in the central region after 5 turns
were ~250 and ~235 nm at 1.0 and 6.0 GPa, respctilt is also apparent from Table 1 that
this difference in grain size tends to decreasé witreasing numbers of turns and after 3

turns the microstructures were similar but thers wamall difference in grain size. Also, a



detailed analysis of the SAED patterns showed thatdiffraction spots are more spread
towards rings in the samples processed under fehpressure and this suggests that higher
pressures produce arrays of ultrafine grain halanger differences in the orientations so that
high pressures are more effective in producingngoaundaries having higher misorientation
angles.

3.4 Tensile properties after HPT processing

To investigate the effects of the different iditmaicrostructures on subsequent tensile
testing, tensile tests were conducted only for dasprocessed up to 3 revolutions. The
results are shown in Fig. 7 for pressures of (8)ahd (b) 6.0 GPa and the properties are
recorded in Table 2 for the ultimate tensile stten@TS) and the yield strength (YS). For
the as-received material, there was an initial YS1@5 MPa and a UTS of ~285 MPa. Thus,
the grain refinement achieved in HPT processingttedignificant increases in the YS and
UTS after both low and high numbers of revolutiémrsboth applied pressures.

Inspection of the stress-strain curves in Figh@wsthat the tensile characteristics are
different when considering the effect of pressuvsfter 1/4 revolution both samples have
similar UTS at a level of ~500 MPa but with incregsnumbers of turns the mechanical
properties of samples processed at 1.0 GPa incadgeslightly whereas there is a larger
increase in the samples processed at 6.0 GPa.difieieence is especially evident after 1 turn
where the sample processed at 6.0 GPa has a UT& wi~180 MPa higher than after
processing at 1.0 GPa. This difference in the raeidal properties decreases with increasing
numbers of turns and after 3 revolutions both samgixhibit similar tensile characteristics
and show very high strengths exceeding 800 MPavtitatlittle or no ductility.

4. Discussion

4.1 The Al-Mg alloy after SPD processing



The results from this study show that HPT procesdeads to a significant strain
hardening in the aluminium 5483 alloy even progegsnrough only 1/4 turn. The hardening
behaviour observed in this alloy, as depicted o Bi fits into the hardening model without
recovery as described in a comprehensive reviewhef different models of hardening
evolution in ultrafine-grained (UFG) metals proeasdy HPT [38]. This type of hardening
differs from pure aluminium [16] where the initiahrdening is followed by softening prior to
stabilising at a saturation condition. This softgnis due to the high stacking fault energy
(SFE) in pure aluminium and therefore the relagase of recovery through cross-slip of the
screw dislocations. The lack of any softening he #AlI-5483 alloy, and in other similar
aluminium alloys where there is an Mg additiondise to the lower SFE [39,40] and the
consequent hindering of the recovery process. [Hais of significant recovery means that
more dislocations are stored in the material lepadina smaller grain size. The trend for a
decrease in grain size with increasing additiondgfin aluminium was recognized in very
early experiments on the processing of Al-Mg alltwsECAP where the grain sizes were
reduced from ~1.3um in pure Al to ~450 and ~270 nm in Al-1% Mg and-3®0 Mg,
respectively [41]. This reduction in grain sizecsnsistent also with the higher strength
recorded after HPT processing in Fig. 7.

Although it is consistently reported that the sgiening of metallic samples is a
direct consequence of the SPD processing [1], teehamical properties of the present Al-
5Mg alloy significantly exceeds the properties mgad in less dilute Al-xMg (0.5-4%) alloys
processed by various SPD methods [41-48] and it beagompared even with the results
obtained from samples containing higher amount agmesium processed by ECAP [49] or
HPT [50]. To place these results in perspectivabld 3 summarizes the mechanical
properties of Al-Mg alloys processed by a numbedifferent SPD methods [3,41-56]. A

careful review of these data provides clear cordtian that the processing of an Al-5Mg
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alloy by HPT produces higher strength and hardttess processing by other SPD techniques
such as accumulative roll bonding (ARB) [55], Hyshatic Extrusion (HE) [3,54] or ECAP
[54].

In an attempt to explain the high mechanical progerof the HPT-processed 5483
alloy, the data from Table 3 were plotted in thdl4R&tch coordinates as illustrated in Fig. 8
and, where appropriate, the YS data were estimegieg) the relationship [57]

oy = Hv/3 2

In general, it is noted that the data follow a #inelependence between YS and the
inverse square root of the grain size but themgsificant scattering around the straight line.
Nevertheless, the data obtained in the presenty dtadwithin the reported data and this
confirms that the high mechanical properties of thBT-processed 5483 alloy is due
primarily to the grain refinement.

It is important to note also that the grain size-©80 nm obtained in this study is one
of the smallest grain sizes reported for the 5XX&Xes aluminium alloys. Nevertheless, the
large scattering in the data suggests that thereemondary factors which may also affect the
mechanical properties after SPD processing. Itsuggested earlier that the character of the
grain boundaries may be important [5]. For examiplthere is a high fraction of low-angle
grain boundaries (LAGBS), the YS may be reduceadaypparison with an alloy having the
same grain size but high-angle grain boundariesGB#) because the LAGBs are weaker
obstacles for moving dislocation and therefore they less effective in promoting grain
boundary strengthening. This trend is confirmedha present work because the datum
points corresponding to small numbers of turns tenlie below the trend line in Fig. 8 and
these samples will have a higher fraction of LAGB3hus, these data demonstrate the
potential for achieving different mechanical prdfer in the aluminium 5XXX-series alloys

through combinations of different SPD methods.
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4.2 The effect of hydrostatic pressure on the evolution of structure and mechanical properties

The results from this research suggest a smalbiguaificant dependence of structural
evolution on the imposed pressure. Thus, it igig@pparent that homogeneity is achieved
more rapidly when processing with larger appliedspures. In the disc planes as in Fig. 3,
the surface area of the central region of lowedhess is visibly smaller when processing at
the higher pressure. On cross-sectional hardnaps as in Fig. 4, there is a clear localization
of plastic deformation in the central regions of tiPT discs of the 1.0 GPa samples whereas
in the 6.0 GPa samples the hardness distributi@siare uniform across the discs.

In general, the applied pressure plays a dualinoldPT processing. First, it serves to
prevent or minimize the effect of slippage betwélea discs and anvils [25]. Second, it
enhances grain refinement by influencing the geimeraand accumulation of defects [15].
The plastic deformation is related to the frictiomefficient [18,25,58] which depends upon
the anvil roughness [59] and the applied pressureus, a low hydrostatic pressure during
HPT processing may promote slipping especiallyrduthe first revolution when the sample
is usually matching to the anvil. Studies on copgpecessed by HPT under pressures of 2.0
and 6.0 GPa showed a high fraction of slippage o)1 the sample processed under 2.0
GPa and a reduction in slippage with increasingliegpporessure [57]. In addition, the
concentration of plastic flow depends on the degrefiction with the walls of the anvils.
For low frictional forces, the plastic flow may a@ntrate near the mid-plane which will lead
to the formation of areas of low deformation néde ipper and lower surfaces of the sample.
This trend is evident in Fig. 4 for the discs psx=d at 1.0 GPa where there are regions of
local microhardness inhomogeneity on the crossesedtmaps. By contrast, a high imposed
pressure leads to a larger frictional force betwienanvils and the disc and this reduces the

extent of slippage [25].
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It should be noted that the imposition of a higegsure may significantly affect the
generation of defects and thereby influence therostouctural evolution during HPT
processing. Thus, a high pressure will reducer#te of dynamic recovery by diffusion-
controlled mechanisms and this will increase theuawlation of dislocations and enhance
the efficiency of grain refinement [15,60]. Undegher applied pressures, the generation of
point defects will be suppressed since it is asdedi with an increase in volume of the
material [61]. Also, the energy of forming dislticas increases where this is due to the
changes in the shear modul@sthe Poisson’s ratio and the Burgers vectds, From work
hardening theory, the energy of dislocations iso@ased with their mobility which also
determines the plastic deformation process in tlaeral. The mobility of dislocations
depends upon the lattice frictional or Peierls-Nedbéorces according to a simple equation of

the form [62]:

2G 2d'
O\ fict. = ?eXF{_Ej (3)

whereK is a constant equal to 1 for edge dislocation(@nelv) for screw dislocations ari

is the distance between the slip planes. The Bdwabarro forces are strongly dependent
upon the shear modulus which increases with inorga®mpressive pressure. As a result, an
increase in pressure should contribute to the aatatrans of dislocations and thereby to the
grain refinement [15,16,63].

For this reason, the process of grain refinenmgentare advanced in samples processed
under higher pressures as shown by the results thi@mnvestigation. The effect of pressure
is especially visible after fractional or very shmaimbers of turns so that, as shown in Fig. 2
for discs processed through 1/4 revolution, thei@slof the microhardness in the peripheral
regions are higher when processing with a pressiused GPa than at 1.0 GPa. In the central

parts of the discs, refined grains are formed dftéurn for the disc processed at 6.0 GPa
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whereas when processing through 1 turn at 1.0 GRacéntral region contains a high

dislocation density and slip bands.

5. Summary and conclusions

1. A commercial 5483 Al-5Mg alloy was processed bghhpressure torsion for up to 5
revolutions under two different applied pressured.0 and 6.0 GPa. The results show
that the microstructure and microhardness evolvéh worsional straining but the
hardness values tend to be higher around the exfgbe disks and lower in the central
region. In addition, the inhomogeneity in the cahtegions decreases with increasing
numbers of revolutions.

2. The results show that the microstructure and mexdess evolution is influenced by the
applied pressure to a minor extent. A higher ingpgsressure enhances the accumulation
of defects and thereby facilitates grain refinement

3. The effect of pressure is especially visible aftactional numbers of turns. At higher
numbers of turns, the microstructure and propetigesl to homogenize both across the
disc plane and through the disc thickness. Thalteeshow disc homogeneity is achieved

more rapidly when processing at a higher pressure.
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Figure captions

Fig. 1 Schematic illustration of tensile specimanfcom the off-centre positions.

Fig. 2 Variation of hardness with distance from thec centre for samples processed under
pressures of 1.0 and 6.0 GPa.

Fig. 3 Color-coded contour maps showing the Vickaisrohardness across the surfaces of
discs processed by HPT through different numbetsiros under pressures of (a) 1.0 and (b)
6.0 GPa.

Fig. 4 Distribution of Vickers microhardness asuadtion of location along the one-half
cross-section of discs processed by HPT throudardiit numbers of turns under pressures of
1.0 and 6.0 GPa.

Fig. 5 Representative bright field images in TEMhathe corresponding SAED patterns of
samples processed by HPT through 1/2 and 5 rewakitinder applied pressures of 1.0 and
6.0 GPa.

Fig. 6 TEM images of central regions in samplescessed by one HPT revolution under
applied pressures of (a) 1.0 and (b) 6.0 GPa.

Fig. 7 Plots of stress versus strain for tersgecimens processed by HPT through different
numbers of turns under pressures of (a) 1.0 ané.(bPa.

Fig. 8 The Hall-Petch relationship after HPT preieg together with experimental data for
other Al-xMg alloys using data summarized in Tabld,41-56]

Table captions

Table 1 Average grain size in sections parallehtodisc planes: data from centres and edges
measured for both applied pressures.

Table 2 Mechanical properties determined in teriss¢s.

Table 3 Grain size and mechanical properties okMg alloys processed by various SPD

procedures [3,41-56].
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Table 1 Average grain size in sections parallehtodisc planes: data from centres and edges

measured for both applied pressures.

Number of revolutions

Pressure Location 1/4 1/2 1 3 5
(GPa)

Centre i ) ) 310 250
(nm)

1.0 Edge 200 170 140 135 110
(nm)

Centre i i i 285 235
(nm)

6.0 Edge 175 155 135 130 120
(nm)

Table 2 Mechanical properties determined in terisgés

Number of revolutions

Pressure (GPa) Location 1/4 1/2 1 3

uts 490 510 560 830
[MPa]

10 YS 400 420 470 560
[MPa]
UTs 500 600 700 850
[MPa]

6.0 YS 450 460 570 600

[MPa]




Table 3 Grain size and mechanical properties okMg alloys processed by various SPD
procedures [3,41-56].

Aluminium Processing history Grain size (hnm) UTS (MPa) YS Microhardness Ref.
alloy (MPa) (MPa)

Polycrystalline

Al-5483 - 10000 360 145 880 -
Al-0.5Mg HPT 6 GPa 265 490 390 1038 Liu et al., 2013
Al-1Mg ECAP 6p (B) 450 285 250 - Iwahashi et al., 1998
Al-1Mg CCDP 18p 250 - 200 - Zhao et al. 2014
Al-1Mg HPT 3 GPa (16t) 210 - - 1860 Zhang et al. 2011
Al-1Mg HPT 6 GPa (10t) 230 440 400 1140 Huang et al., 2014
Al-2.5Mg ECAP 4p (A) 1470 267 222 - Kapoor et al., 2010
Al-2.5Mg HPT 6 GPa 86 670 505 1650 Liu et al., 2013
Al-3Mg ECAP 4p 200 400 370 - Furukawa et al. 1998
Al-3Mg ECAP 8p (A) 250 510 392 1100 2'\"0”0”3”02"\"””5 et al,
Al-3Mg ECAP 8p (B) 270 460 420 - Iwahashi et al., 1998
Al-3Mg CCDP 18p 200 - 350 - Zhao et al. 2014
Al-3Mg HPT 3 GPa (16t) 150 - - 2300 Zhang et al. 2011
Al-4,5Mg Quasi-Isostatic Forging 523K 193 598 521 1620 Topping et al., 2012
Al-5182 HPT 6 GPa 71 800 690 1867 Liu et al., 2013
Al-5Mg Cryo-milling + consolidation 26 742 620 2300 Youssef et al., 2006
Al-5083 Cryo-milling + consolidation Bimodal 462 334 - Tellkamp et al., 2004
Al-5483 ;’é"’\,‘gsgc consolidation of powders at; g, 470 400 1275 Bazarnik et al. 2012
Al-5083 ECAP 373K 8p (C) 500 430 400 - Chang et al. 2005
Al-5Mg CCDP 18p 100 - 475 - Zhao et al. 2014
Al-5083 ARB ?h?ckn;ss layer 550 1570 Toroghinejad et al., 2013
Al-5Mg HPT 5 GPa (5t) 150 - - 2070 Mazilkina et al., 2006
Al-5483 HE 190 520 475 1410 Bazarnik et al. 2013
Al-5483 ECAP + HE 100 595 560 1755 Bazarnik et al. 2013
Al-7TMg ECAP 6p (B) 150 600 538 - Zha et al., 2014
Cryo-milling + HPT consolidation 20 - - 3800
Al-7,5Mg Zhou et al., 2004
Cryo-milling + HIP consolidation 200 - - 2000
Al-10Mg HPT 5 GPa (5t) 90 - - 2800 Mazilkina et al., 2006
Al-5483 HPT 6 GPa (3t) 130 850 600 2000 This Study

Re: CCDP - Confined channel-die pressing, HE — Hydrostatitusion, ECAP — Equal Channel Angular Pressing, ARB
Accumulative Roll Bonding, HIP — High Isotactic Priess
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Highlights

» AADb483 alloy was processed by HPT under two different pressures of 1 and 6 GPa
* In both types of samples UFG structure was achieved after 5 revolutions

* The microstructure and hardness evolution is influenced by the applied pressure

» Theeffect of pressureis especialy visible up to oneturn

» At higher numbers of turns, the microstructure and properties tend to homogenize



