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Abstract

An extruded ZK60 magnesium alloy was processed igi-pressure torsion (HPT) at
room temperature for up to 5 turns under a constantpressive pressure of 2.0 GPa with a
rotation speed of 1 rpm. This processing produsedverage grain size of ~700 nm. The grain
size distributions and textures were examined legtedn backscatter diffraction (EBSD) and
this revealed some multi-modality in the microstame at different stages of straining with
fractions of both coarse grains and ultrafine ggaiBBSD analysis at the mid-radius positions of
unprocessed and HPT-processed materials reveasdiaal evolution from a prismatj¢010}
fiber to an ultimate basgbD001} fiber texture with thec-axis parallel to the normal direction.
The majority of grain boundaries had misorientagitarger than 15throughout the processing.
The strain hardening tended towards a reasonalbthéss homogeneity with a hardenability

exponenty, of 0.07 up to strains of ~20 and with a subsetjhardness saturation at h125.

Keywords. high-pressure torsion, hardenability, magnesiunoyalltexture, ultrafine-grained
materials.



1. Introduction

Magnesium is the lightest structural metal whichamindantly available. Furthermore,
outstanding mechanical properties, including higécHic strength and high elasticity, has made
Mg and its alloys promising candidate materials B®rospace [1] and automotive [2]
applications over the last two decades. Magnesgimlso now receiving more attention in
biomedical engineering [3] and in portable eleetridevices due to its recyclability and bio-
adaptability [4]. Nevertheless, the metal suffesn poor formability at ambient temperature
due to the low symmetry in the hexagonal close-pddkcp) crystal structure and the general
limitation of slip to the basal planes. Attemptwvédeen made to improve the ductility of Mg
alloys by developing their superplastic propertjd®] and accordingly it is reasonable to
anticipate that microstructural refinement of thaieys to the submicrometer level may provide
a potential for achieving both high strength aresomable ductility.

Conventional thermomechanical processing is gelyauakd to achieve grain sizes of the
order of a few micrometers. However, greater grnafinement may be achieved, to the
submicrometer or even the nanometer level, by pging bulk metals using techniques
incorporating the application of severe plasticodefation (SPD) [7-9]. Several SPD processes
are now available but the most important are eghahknel angular pressing (ECAP) [10] where
a rod or bar is pressed through a die and highsprestorsion (HPT) [11] where a disk is
subjected to a high pressure and concurrent takgtnaining. In practice, HPT is especially
attractive because it produces grains that areistenly smaller than in ECAP [12,13] and also
with a higher fraction of grain boundaries havinghhangles of misorientation [14].

Several recent studies examined the microstructevalution in fcc materials using

electron backscatter diffraction (EBSD) imagingeaf6PD processing by ECAP and HPT [15-



17]. In addition, there are limited reports on therostructural and textural evolution in hcp
materials such as Mg [18-20] and Ti [21,22] all@&fter processing by ECAP or HPT. Very
recent studies examined the microstructural evatuin the ZK60 Mg alloy using optical and
electron microscopy [23-27]. Accordingly, the mesinvestigation was initiated to provide the
first microstructural and textural investigation BBSD imaging of a ZK60 alloy processed by
HPT. In addition, the microhardness evolution vedso examined both to determine the
significance of work hardening by measuring thedbagbility exponent of the alloy and also to
investigate the potential for developing a satoratiardness after processing to high strains.
2. Experimental material and procedures

Rods of a ZK60 magnesium alloy (Mg-5.5 wt.% Zn-W6% Zr) were obtained in an
extruded condition with diameters of 10 mm. Diskesre sliced perpendicular to the extrusion
direction with thicknesses of ~1.2 mm and then fedlseground on both sides using abrasive
papers to give final thicknesses of ~0.82 £ 0.02. mm

The HPT processing was conducted under quasi-@mstt conditions [28,29] using an
HPT facility containing a rotating lower anvil aadstationary upper anvil. Both the lower and
upper anvils contained central spherical depressiath depths of 0.25 mm and diameters of 10
mm. The HPT processing was performed at room tesiyre (RT) using an applied pressure,
P, of 2.0 GPa and a constant rotation speed of 1lthpough total numbersy, of 1/8, 1/4, 1/2, 1,
2 and 5 revolutions. Post-inspection of the desiter HPT showed no damage or cracking and
there was no evidence for any slippage during thegssing [30].

Microstructural observations were conducted onpileeessed samples at the mid-radius
positions of the disks and these observations per®rmed close to the original surface of each

sample. A JEOL IB09010CP ion beam cross-sectipalshing facility was used to polish the



samples at an operating voltage of 6 kV for 5 houfs analytical field emission scanning
electron microscope (SEM) JEOL JSM-7001F was usemhaoperating voltage of 7 kV with
EBSD and orientation imaging microscopy (OIM) ad to record the data. Figure 1 shows the
position at which the disks were ion polished by thoss-sectional polishing facility, where the
directions labeled ND, TD and RD correspond to Memal (torsion axis), Tangential and
Radial Direction, respectively. As shown by theeins Fig. 1, the shear direction is parallel to
TD. The step size was OuIn and the images were cleaned up using grain camdelindex (Cl)
standardization and neighbor CI correlation. Lowgtargrain boundaries (LAGBs) were defined
as boundaries having misorientation differencesvéen adjacent measuring points 8215
and high-angle grain boundaries (HAGBs) were defwé&h misorientation differences of more
than 15. The inverse pole figures in the EBSD images weeasured from the semi-oval area
of the sample in the TD-RD plane as shown in Fig. 1

Microhardness measurements were carried out onufiper surfaces of the HPT-
processed disks along randomly selected diametéi$.samples were polished to achieve
mirror-like surfaces by removing a layer of up . mm from each surface before recording
the measurements. The Vickers microhardness vatiieswere obtained at room temperature
using an FM-1e microhardness instrument equippéld avVickers indenter using a load of 100
of with a dwell time of 10 s for each separate roeawent. The indentations were conducted
along randomly selected diagonal lines on each dishk the points separated by incremental
distances of 0.3 mm. The hardness values wereded@s the average of four positions formed
in a cross-shape around each selected point aindet of 0.15 mm. A detailed description of

this method was given earlier [31].



3. Experimental results
3.1 Microstructural evolution

Figure 2 provides a montage of image quality (IQrrographs of the unprocessed
extruded material prior to HPT followed by 1/2,rd&b turns of HPT in the mid-radius positions
of the disks and Fig. 3 gives the correspondingngsize distributions for each condition shown
in Fig. 2. Although the average grain size for éx¢ruded sample was estimated asung it
should be noted that some relatively large graiesevalso present in the extruded material as
noted in an earlier report [24]. Observations lua icrostructural changes occurring with SPD
processing showed a gradual change in grain size the extruded condition to an ultrafine-
grained structure after 5 turns of HPT. Proces#iingugh 1/2 and 1 turn of HPT as shown in
Fig. 2(b) and (c) gave areas with aggregates ofl grains but also some areas with relatively
coarser grains. By contrast, after processing byrs of HPT most of the grains were
significantly refined although a small fractionafarser grains was present in the microstructure.

The distributions of grain sizes plotted in Figsi®ow that all grains were larger than 1
pKm in the extruded condition with a peak in theribstion at ~5 um. Processing by 1/2 and 1
turn gave finer grains with peaks in the distribo§ in the range of =2 um. Processing by 5
turns gave an increase in the area fraction ofdiaens and a peak in the distribution at ~1 pm.
For all experimental conditions, the grain sizeribsitions are spread over about one order of
magnitude of grain size. This shows that the gs&e distributions in the ZK60 alloy tend to be
heterogeneous for all conditions including aftevgassing through 5 turns of HPT.

Table 1 provides further information on the graires obtained from the EBSD analysis

including details on the area fractions of excemlly small grains. The evidence for a



heterogeneity in the grain size distributions isststent with earlier reports of bi-modalities in
the grain size distributions in various magnesilioya processed by HPT under pressures of 2.0
to 6.0 GPa at room and elevated temperature [2D/23-At elevated temperatures the bimodal
structure is generally associated with the fornmatad a necklace structure along the grain
boundaries [19,32] but necklace formation was mes@nt after processing at room temperature
either in this study or in earlier investigatio2%[33,34].

The number fractions of misorientation angles drews in Fig. 4 for the as-received
extruded condition and after processing by HPTugho1/2, 1 and 5 revolutions: all of these
data correspond to the preferred next-neighbor meistation distributions [35,36] rather than
the pixel to pixel misorientations. In Fig. 4 tlkelid curves represent the distributions of
misorientation angles for an aggregate of randoamnlgnted hexagonal crystals where these
curves were developed earlier using a Monte-Carthod for AZ31 [37,38] and AM60 [39]
magnesium alloys. This distribution corresponds toasal fiber where the neighboring grains
have thec-axis at angles lower than 3@here is a maximum at 3a8nd a cut-off value at 42.3
[37]. Also shown in Fig. 4 are the conventionaldidanzie random distributions [40,41] where
the distribution corresponding to a random aggeegéhthexagonal crystals has a maximum of
90° and a cut-off value of 93.84 Inspection of Fig. 4 shows that the numbectfom of
misorientations between 8&nd 90 rises after 1/2 turn and this peak remains visilfler 1 and
5 turns. After 5 turns there is also another peaabout 36

Table 2 provides a percentile analysis of the nesdation angles measured from Fig. 4
showing the individual fractions for HAGBs, LAGBadangles of either 30° or in the range of
85-90°. It can be seen from Fig. 4(a) that theeagived extruded material has a misorientation

angle distribution which is close to the theordtigamdom distribution and with ~95% HAGBS.



Furthermore, there is no significant decrease efitaction of HAGBs when the HPT processing
is conducted through different numbers of turns.
3.2 Texture evolution during HPT processing

A series of EBSD orientation images are presemtded. 5 including (a) the as-received
condition and after HPT through (b) 1/2, (c) 1 4di5 turns where the images after HPT were
recorded at the mid-radius positions of the didksFig. 5 the grain orientations are depicted by
different colors which are shown in the unit trilndpelow the images and the LAGBs and
HAGBs are denoted using yellow and black lineshim EBSD micrographs, respectively. It can
be seen that the grain size and texture both chaigestraining of the material.

The corresponding inverse pole figures of the EB&Bntation maps are shown in Fig. 6
and it is apparent that the basal planes are typiedigned perpendicular to ND which
corresponds to the torsional axis. This is shownth®y high intensities arounf 010} and
{2110} parallel to ND. High intensities also continoebe observed along 010} and{2110}
at ND after processing by 1/2 and 1 turns of HPT d&his corresponds to the-axis
perpendicular to ND. However, it should be noteat the maximum intensities observed in the
inverse pole figures decrease after 1/2 turn aeg decrease even more after 1 turn which shows
that there is a gradual dissolution of the inigtdong texture. After processing by 5 turns of
HPT, the inverse pole figure shows clearly a changexture and the majority of bag&@l001}
planes are then oriented parallel to ND.

3.3 Theevolution in microhardness
When processing by HPT, the imposed torsional rstvairies across the disk and the

equivalent von Mises strainygis given by a relationship of the form [42,43]:



2nNr
Eeq = W3

1)
whereN is the number of revolutions in HPT processing the radius ant is thickness of the
disk. It follows from Eqg. (1) thadeq is @ maximum at the edge of the disk and decreasesro
at the center of the disk wheare 0.

It was shown in early studies that hardness meamnts in HPT disks are most readily
correlated by plotting the hardness values agairestequivalent strain on linear axes [45] and
Fig. 7 shows this plot using microhardness valiended on cross-sectional planes along
randomly selected diameters. The datum pointsgn#relate to HPT processing through 1/8,
1/4, 1/2, 1, 2 and 5 turns under a pressure ofGR@ and it is apparent that all points are in
reasonable agreement and fall around the solid liflee lower dashed line denotes the hardness
value in the as-received condition. Thus, in thdyestages of HPT the hardness values rise
quickly with the accumulating strain but there 13 significant further increase at equivalent
strains above-20 and ultimately the microhardness values becosengially saturated at Hv
~125 at high strains. This evolution is consisterthva theoretical evaluation based on strain
gradient plasticity modeling [44].

4. Discussion
4.1 Microstructures during processing by HPT

It is now well established that the SPD processf fcc metals leads to a condition in
which the large grains become subdivided by lowli@anigoundaries and these subgrain
boundaries progressively evolve into high-angle nolauies through further straining of the
sample [46]. This mechanism of structural refinemertharacterized by large fractions of low-

angle boundaries that are present in the very stalyes of deformation but with a subsequent



increase in the fraction of high-angle boundarigamger strains [17]. However, the refinement
process for hcp metals is not the same as in fealskeecause initially a bimodal grain structure
develops due to the formation of a necklace-likecrostructure as a result of dynamic
recrystallization [19,32,47]. In this process, néwer grains are formed along the grain
boundaries of the initial coarser structure givangluality in structure, and these finer grains
gradually consume the larger grains with increasingining and thereby produce an ultrafine
structure. In this mechanism, it is expected that distributions of the misorientation angles
will not change significantly during processing. eTpresent results shown in Fig. 4 are in
agreement with these predictions and the measutemerorded in Table 2 confirm there is no
change in the area fractions of LAGBs during thel khirocess.

In order to study the distribution formation of th#rafine grains (<1 pm) within the
microstructure during processing, Fig. 8 providesesponding analyses of the image quality
(IQ) maps based on Fig. 2 for the samples procassedgh 1/2, 1 and 5 turns. Using an OIM
analyzer, Fig. 8(a)-(c) are divided into two distifractions of either ultrafine grains (grey cglor
or grains having sizes larger than 1 um (white goloBy comparison to the maps between
different stages of straining, it is apparent tinaw ultrafine grains (UFG) are created in the form
of aggregates along the grain boundaries of thgelgrains and these areas occupy ~15% and
~25% of the microstructure after 1/2 and 1 turrH®&fT to give an island-like structure in Figs
8(a) and (b). Continual straining up to 5 turnpamds these UFG aggregates until they cover
~75% of the total area although some coarser gramsin in the microstructure and this leads
to a spread in the grain size distribution as showhig. 3. These observations are consistent
with the conventional model describing the formatmf shear zones in magnesium from the

bands of recrystallized grains [48]. It was praggb# the model that very small recrystallized



grains form along the original grain boundaries wisatisfactorily oriented for basal slip but
shear cannot easily occur due to the constraimesed by the adjacent larger grains. However,
by applying a large strain the recrystallized babdsden and provide a pathway for easy slip
through the specimen. Thus, it is anticipated thgl local stresses in advance of these bands
will promote local strain and successive recrysation, and when a clear path for shear
deformation is formed through the specimen the rdedition will become more concentrated and
will produce a shear zone.

The evolution of the grain size distribution showrig. 3, together with the quantitative
analyses of grains sizes and area fractions surnedhin Table 1, confirm that there is a gradual
refinement through HPT processing at room tempezatuch that the distributions of grain sizes
move sequentially from a peak at ~2 um after 1¥@ ta a peak at ~1 um after 5 revolutions of
HPT and the consequent formation of a UFG structite grains having sizes of <1 pm.
Nevertheless, it is noted from close inspectiorFigf 3 that the distribution after 5 turns also
exhibits another distinct peak at a grains size@b pm. This second peak leads to an area
fraction of ~35% of grains having sizes < as shown in Table 1.

Figure 9 provides a direct illustration of the euan in the misorientation angles from
the extruded condition through to 5 turns of HP®gassing with all measurement taken at the
mid-radius positions. It is apparent from Fig.natt~14% of the boundaries within the larger
grains contain misorientation angles of @0the early stages of HPT by straining the sample
for 1/2 revolution. It is known that a lattice migntation angle of 86°4s caused by1012}
twinning [49]. An EBSD analysis of a magnesium gn crystal during unidirectional
compressive deformation at RT showed that the estdlge of deformation in the single crystal

was characterized by profu§&012} twining [50] and this can convert the whole samipte



relatively softer orientations for slip and theredyminate the initial unfavorable orientation of
the single crystal. Observations of microstructenadlution of ZK60 processed by HPT showed
that twins existed more abundantly in the coarsamng located at the center and half-radius
positions in the early stages of HPT [23,24]. ®sstve secondary and tertigi}012} twins
were also found to form in the primary twinned atedherefore, the observed peak in the range
of 85-90 in early stages of HPT is attributed to the misatation angles that lie between the
original grain and the twin bands.

Another peak with a value of ~14% of the misoriéntaangles was present at an angle
of ~3C in the final stages of HPT after 5 turns as shawrrig. 4(d). An investigation of
ductility in single crystal magnesium from a speeimstrained to -1.0 showed that a very high
frequency peak gradually appeared at abofit=38 in the misorientation angle distribution [50]
and similar peaks at 30° were also reported inezarivestigation using a rolled AZ31 alloy [38]
and in commercial purity Mg processed by HPT fotdrids and then annealed at 373 K for 24 h
[52]. Comprehensive textural observations confantbat the newly recrystallized grains
formed within the twin bands rotated in parallebward thec-axis of the original twin by an
average of about 3@nd their formation is attributed to the succes$ragmentation of the twin
bands due to prismatic slip and further continudyrsamic recrystallization [50,51]. It should be
noted that a peak in the misorientation distributi® also expected in magnesium with a basal
fiber texture [37-39] and the present results sagtee formation of this texture after 5 turns of

HPT.

4.2 Microhardness evolution:
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The Hollomon equation is generally used to coreethe true stress and true strain data
with the strength coefficient and the strain-hardgrexponent using the following relationship
[53]:

o =Key (2)
wherec is the true stres¥ is a material constant, is the true strain and is the strain
hardening index. In practice, this equation cansioeplified for hardness values in order to
evaluate the strain hardening behavior occurrinthenearly stages of HPT. Thus, very early
work showed that for steels having a wide rangecafbon contents there was a linear
relationship of the form [54]

o=cH 3)
wherec is related to the material. Furthermore, it wasssiguently shown that metals exhibiting
little strain hardening hawe= 0.36 [55].

A guantitative analysis was conducted to estimageeixtent of strain hardening using the
Hv measurements. In this method, by replacingth Hv from Eq. (3) and, with &4 from Eq.

(1), a modified form of Eq. (3) may be rewritten as
Hv =K'gy, (4)
whereK’ is a new materials constant amds the hardenability exponent which corresponds to
the slope in a double logarithmic plot of the HWes against the equivalent strain in HPT.

Figure 10 shows a double logarithmic plot of theudlues againstq for the ZK60 alloy
after up to 5 turns of HPT using data extractedhfiéig. 7. It can be seen that the datum points

up toe.q < 20 are well fitted by a straight inclined line befche saturation condition at the

highest strains and the slope of this inclined biees the hardenability exponent whichyis

0.07. The upper dashed line in Fig. 10 corresptmtise saturated value of the microhardness at
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high equivalent strains. Thus, the hardenabilitpament is in a good agreement with other
exponents reported for magnesium alloys procesgétPd [26,56].

Table 3 summarizes the available strain hardenatg tbr materials processed by HPT.
These data are useful for developing a phenomeitalogiodel to estimate the minimum level
of accumulated strain or the numbers of HPT tueruired to obtain a level of saturated

hardness for different materials. By replaciggfrom Eq. (1) in the hardenability of Eq. (4), it

follows that
_ 3 (Hsat)_n (5)
PT = 9mr \ K’

where Np 1 is the estimated minimum number of HPT turns ineortb achieve a saturation
hardness at a distancérom the center of the disk.

Based on a comparison of the different metatscgssed by HPT processing and
summarized in Table 3, different strain hardeniebdyviors may be identified during HPT. In
each hardness evolution, the degree of the stramlehing or strain softening may be
conveniently expressed by the hardenability expgnen Wheny > 0, it is apparent that the
hardness increases initially with increasing edemastrain and then saturates at a maximum
hardness at reasonably high strains. In Table Jidih purity (HP) aluminum exhibits a similar
strain hardening withy > 0 but there is a subsequent softening witk O in which there is
microstructural recovery and a saturation hardieashieved after reasonably large numbers of
HPT turns [57]. For metals such as the Zn-22% Wketoid alloy, the hardenability is< O
[58,59,62] and the strain softening and decreasaidness is followed by an ultimate saturation
with increasing equivalent strain. As noted in amprehensive review [56], this hardness

behavior is essentially the opposite of the conweat strain hardening behavior obtained in the
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present investigation and the weakening in the pivase alloy is due to the decomposition of
hard Zn precipitates as a result of changes ipteeipitation kinetics in the Al-rich phase due to
the application of SPD through the HPT process@8) fnd to the transformation of a lamellar
structure into an ultrafine-grained equiaxed stree{60].

5. Summary and conclusions

1. A ZK60 magnesium alloy was processed by HP&mbient temperature under a
pressure of 2.0 GPa for up to 5 turns to produceavarage grain size of ~700 nm and a
reasonable homogeneity.

2. Using EBSD analysis it is shown that there iseaalution in the grain orientations
from an extruded texture with prismafit010} planes lying parallel to the surfaces of the disks
to an ultimate basgD001} fiber texture with the-axis parallel to ND after 5 turns of HPT.

3. The misorientation angle evolution during HP®gassing shows peaks in the range of
85-9C and these are due to the contribution of tengilerting. A peak detected in the ultrafine-
grained structure at ~3@ attributed to the basal fiber texture.

4. The ZK60 alloy shows an evolution towards alhass homogeneity after 5 turns of
HPT with a hardenability exponent pf= 0.07 measured for equivalent strains up to ~20aand
subsequent saturation hardness atH®25.
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Figure Captions:

Figure 1. Near-surface position of the disks for EBSD sangpéparation with ion beam cross-
sectional polishing facility: ND, TD and RD corresy to Normal Direction (torsion axis),
Tangential Direction and Radial Direction, respeadif, and the inset shows the shear direction
is parallel to TD.

Figure 2. Image quality (1Q) maps of ZK60 (a) as-received after (b) 1/2 turn, (c) 1 turn and
(d) 5 turns of HPT in the mid-radius positions loé disks.

Figure 3. Grain size distributions of ZK60 in the as-recéiwendition and after 1/2, 1 and 5
turns of HPT in the mid-radius positions of thekdis

Figure 4. Number fractions of the misorientation angles K62 in (a) the as-received extruded
condition and after (b) 1/2 turn, (c) 1 turn anyi%durns of HPT in the mid-radius positions of
the disks.

Figure 5. EBSD orientation micrographs of ZK60 in (a) theraseived condition and after (b)
1/2 turn, (c) 1 turn and (d) 5 turns of HPT in thel-radius positions of the disks.

Figure 6. The inverse pole figures of {0001}, {10% and {211 0} crystallographic orientations
with respect to TD, RD and ND of the HPT directidresn the mid-radius positions of the
extruded disk and processed disks with N = 1/2)ydL5sturns of HPT at 298 K.

Figure7. Variation of the microhardness values with equaaakstrain for ZK60 after processing
by 1/8, 1/4, 1/2, 1, 2 and 5 turns of HPT undeapplied pressure of 2.0 GPa: the lower dashed
line represents the microhardness value of theesiwed extruded material.

Figure 8. Distribution maps of ultrafine grains (<1 um) dgistraining of samples through (a)

1/2, (b) 1 and (c) 5 turns of HPT.
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Figure 9. Comparison of number fractions of misorientatioglas in ZK60 alloy for the
extruded condition and after processing by HPTLf@r 1, and 5 turns of HPT in the mid-radius
positions of the disks.

Figure 10. Plot of the Hv values agains;in a double-logarithmic scale for the ZK60 alloy
after up to 5 turns of HPT under 2.0 GPa at amb@nperature: the inclined solid line denotes
the hardenability exponent gf= 0.07 and the dashed line denotes the saturatioiméss atcq

> 20.

Table Captions:

Table 1. Average grain size and area fraction percentilegrains smaller than 1.0 and 0.5 pm
in the extruded condition and after HPT through 1/2nd 5 turns.

Table 2. The fraction percentiles of HAGBs, LAGBs, °38nd 85-90° misorientation angles in
the extruded condition and after HPT through 1/and 5 turns.

Table 3. Summary of the saturation levels and hardenalulitiPT processed materials where

298/T, denotes the homologous temperatures for HPT psoaeat room temperature.
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Tablel.

HPT turn:  Grain size (U Area fraction percentile (%
<1.0 (um) <0.5 (um)

Extrudec 502t 0 0
1/2 19+1.2 15 3
1 1.7+0.9 25 3
5 0.7+0.t 75 35




Table2.

HPT turns Fraction of misorientation angles percentile (%)
HAGBs LAGBs 30° 85-90°

Extruded 95 5 7 8

12 95 5 8 14

1 95 5 7 12

5 96 4 14 11




Table 3.

Material Initial Condition Processing conditions Average. grain Hv (kgf/mnt) Hardenability Reference

size

(km)

298, €eq P d; ok Initial ~ Saturation K'(kgf/mm?) n
(GPa)
Ti-6Al- 1hat1023 K 0.15 30 6.0 10.1 130 295 365 31 03D. [21]
av
Ti-6Al- lhat1223K+4hat 0.15 30 6.0 9.7 70 305 405 32 0.052 [21]
av 873K
HP Al lhat773K 0.32 0-3 6.0 1000 14 20 43 42 0.18 [57]
HP Al 1hat773K 0.32 3-10 6.0 - 1.4 43 37 63 -0.24 [57]
Zn-22Al lhat 753K 0.51* 40 3.0 1.4 0.35 68 24 61 -0.22 [58-60]
ZK60 Extruded 0.32 20 6.0 10 - 72 110 84 0.07 5][2
AZ31 Extruded 0.32 30 6.0 10 0.9 60 115 83 0.08 [61]
ZK60 Extruded 0.32 20 2.0 10 0.7 74 120 99 0.07 This
investigation

* With respect to eutectoid alloy
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Highlights

1.

2.

w

A magnesium alloy was processed by high-pressure torsion under a pressure of 2.0 GPa.
Grain size distribution during HPT was studied via orientation imaging microscopy.
The aloy shows basal fiber texture after HPT processing.

Hardness homogeneity is achieved after HPT processing in the ZK60 magnesium aloy.



