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Present work aims at investigation of the consequences of mechanical crushing prior to high pressure torsion (HPT) of the
Mg-Y-Nd-Zr (WE43) alloy. Specifically the presence and size of the effect on the aging properties compared to the initially
solid state and subsequent HPT are studied. For this, the WE43 alloy was mechanically crushed into particles of 0.5-1 mm
size. Than the obtained powder was formed to pellets and deformed at a pressure of 6 GPa for 10 revolutions with 1 rpm
rotation speed. Thermal stability of the HPT processed alloy microstructure was studied by monitoring its microhardness
and aging. Mechanical crushing and subsequent HPT processing at room temperature results in significant strengthening
of magnesium alloy WE43. It was found that strengthening induced by HPT sustained to 200°C. The strength of the HPT
processed alloy was additionally improved by subsequent aging. Extraordinarily high maximum value of microhardness of
1557 £25 MPa was reached. We suppose that crushing prior to high pressure torsion creates additional defects induced by
the surfaces of individual powder particles during HPT. Additionally the surfaces of individual powder particles can act as
segregation centers for rare earth elements. That decreases electrical resistivity due to lower precipitate dissolution and lower
solid solution supersaturation.
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Llenpio mpeacTaBIeHHON PabOTHI SBJSETCS UCCIENOBaHNE HAMMYMUSA M CTEIEHM BAMSHUS MEXaHMYECKOTO M3MeTbueHsI
cwraBa Mg-Y-Nd-Zr (WE43) nepen nedopmareir, myTeM Kpy4eHys og BbicokuM gasenneM (KBJI), Ha mporjecc cTapeHus
110 CPaBHEHMUIO C IUTBIM cocTossHueM fo KBII. Ina sToro cimaB WE43 mMexaHMuecku M3Menbyaay Ha 4YacTUIIbI pa3sMepoM
0.5-1 mm. ITocrie 9TOrO MOy Ye HHBII HOPOLIOK KOMITAaKTHPOBAJICA B TabeTku 1 fedopmuposancs nyrem KB/l mop nasnieHnem
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6 I'Tla Ha 10 060pOTOB cO cKOpOCTbIO 1 06/MuH. TepMudeckas CTabUIBHOCTb MUKPOCTPYKTYPBI CIIIaBa, MOJBEPIHYTOTO
KBJI, 6bl1a ncceoBata Iy TeM Hab/IOfeHNsA 3a €0 MUKPOTBEPIOCTHIO U 9JIEKTPUUECKIM CONIPOTUBIIeHeM. MeXaHndeckoe
U3MeJIbueHNe 1 ocenyomas obpaborka myrem KBJI mpy KOMHATHOII TeMIlepaType BbI3Baja CyI[eCTBEHHOE YIIPOYHEHNUe
nsmenpyeHHoro crtaBa WE43. Bsito o6Hapy»xeHo, uTo ynpouHeHne, BeisBanHoe KBJI, coxpansnocs go 200°C. IIpounocts
nopsepraytoro KB/l crmaBa WE43 6b1a TOMOMHUTENBHO HOBBIIIEHA [TyTeM IIOCTIEAYIOLIEro cTapeHns. bpuro momydeHo
9KCTPAOPJMHAPHO BBICOKOE 3HaUeHMe MMUKpPOTBepfocTu B 1557 £25 MIla. IlpegnonoxurenbHo usMmenbdenue nepen KB
Co3JjaeT NONOMHNTENbHbIE AeeKThl Ha TPaHMIAX OTAEIbHBIX dacTuI] mopoika Bo Bpems KBJI. Takxe moBepxHOCTH
OT/IeNIbHBIX YACTUIL, IOPOIIKA BBICTYMAIOT B Ka4eCTBE CETPETallIOHHBIX LEHTPOB [/Is PENKO3e€MEeNbHBIX 971€MEHTOB. JTO
CHIDKAeT 97IeKTPUUeCKOe COIPOTUBIICHNE 113-3a MEHBIIIETO PACTBOPEHMsI YaCTHL] BTOPOII (pasbl ¥ MEHBIIIETO TTepeHaCHIIeHNs

TBEpJIOr0 PacTBOpA.

KroueBbrie cmoBa: HAHOKPUCTAJIZINYECKNE METAJIJIbI, MarHV€BbI€ CIIVIABbI, MTHTEHCVBHAA IVIACTIYECKAA neq)opMauI/m, Kpy4€eHue 1o BbI-

COKNMM [aB/ICHUEM.

1. Introduction

Properties of nanocrystalline metallic materials, such as
mechanical characteristics, corrosion rate and others, came
to the front in the last few decades. For example, it has been
shown that classical methods for increasing the strength and
yield stress of polycrystalline materials are applicable when the
size of grains in a polycrystal is reduced only to a grain size of
several tens of nanometers. Nanocrystalline materials showed
unusual functional properties since they contain an extremely
high proportion of atoms located at the grain boundaries and
other defects in the crystal structure. These defects can change
the phase composition of nanocrystalline materials from
the equilibrium phase composition. Among all the methods
of obtaining nanocrystalline alloys, high pressure torsion
(HPT) holds a specific place. It belongs to the severe plastic
deformation (SPD) methods and demonstrates a number of
advantages compared to its competitors. For example, it makes
production of nanocrystalline materials in relatively large
volumes possible from both pure metals and alloys.

The WE43 is a commercially available bioresorbable
magnesium alloy Mg-3.56%Y-2.20%Nd-0.47 %Zr, wt.%.
The WE43 alloy containing rare earth metals (REM) is one of
the most popular medical magnesium alloys [1]. Doping with
REM improves the corrosion resistance of magnesium [2],
and also increases its strength. Another method of
improving the strength characteristics is SPD, which leads
to the formation of ultrafine-grained structure (UFG)
in magnesium and its alloys [3]. This structure provides
significant hardening [3 - 6], and also leads to an increase in
corrosion resistance and a decrease in gas evolution.

The goal of present work is to investigate the consequences
of mechanical crushing prior to high pressure torsion (HPT)
of WE43 alloy. Specifically the presence and size of the effect
on aging properties compared to the initially solid state
and subsequent HPT are studied. Previously our colleagues
performed a work, where aging of an as-cast WE43
magnesium alloy processed by high pressure torsion was
investigated [3]. That gives us the opportunity to compare the
data for cast and crushed alloy prior to HPT.

The need for such investigation was explained in our
previous work. It demonstrated the possibility of producing
a metal-ceramic composite by introducing oxide particles
of various metals into the WE43 alloy and processing it by
HPT [7]. This production involved crushing the alloy into
particles of 0.5 -1 mm size. Then thin films of nanocrystalline
oxides were deposited onto WE43 particles using pyrolysis

of organometallic compounds containing salts of metals and
carbon acids [8-14]. After applying an oxide film on the
surface of the magnesium alloy particles, the powder was
subjected to SPD by HPT. For that reason distinguishing the
strengthening effect of crushing the alloy and oxide particles
introduction is needed for deeper understanding of our work.

2. Experimental

The WE43 alloy was solution treated (ST) at 525°C for 8 h.
After annealing the samples were quenched in air at room
temperature. Following the homogenization the alloy was
mechanically crushed into particles of 0.5-1 mm size.
The powder was poured into the cavity in the lower anvil and
compressed in order to obtain a solid pellet. Then another
portion of powder was poured onto the first produced pellet.
Four portions of powder in total were used for each sample.
After pouring the last portion, the sample was pressed to
the deformation pressure and the deformation started.
By this mean we provided enough material to form a solid
sample without significant pores. The excess material was
pressed out of deformation cavity during the deformation
process. Samples were deformed at a pressure of 6 GPa for
10 revolutions with 1 rpm rotation speed. The cavity in the
lower anvil was of 0.2 mm depth.

To examine thermal stability of the HPT strengthening
the samples were heated at temperatures of 100-400°C in
increments of 50°C for 1 hour at each temperature. Several
samples were also isothermally aged at 200°C for up to 128 h
to verify the ability of the alloy to additional hardening due to
precipitation process.

Vickers microhardness was measured using a 402 MVD
Instron Wolpert Wilson Instruments tester with aload of 50 g
and 10 s holding time. Electrical resistivity was measured
with a BSZ-010-2 microohmmeter on the specimens with
a size of 10x4x0.2 mm. Since the response of electrical
resistivity to phase transformation is stronger compared
to defects annihilation and recrystallization, the electrical
resistivity measurements were used mainly to trace the
REM precipitation from the solid magnesium on heating.
The decrease of electrical resistivity indicates depletion of
the magnesium solid solution by REM whereas its increase
is a result of the solid solution enrichment by dissolving
RE metals therein. Transmission electron microscopy (TEM)
was performed on the FEI Titan 80-300 Transmission
Electron Microscope with a high-angle annular dark field
scanning transmission electron microscopy (HAADEF-STEM)
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and EDAX S-UTW energy dispersive X-ray analysis (EDX)
detectors. The samples for the TEM were prepared first by
precision grinding using a Gatan Model 656 Dimple Grinder
and final ion polishing by a Gatan 691 PIPS with additional
low-voltage argon ion polishing system and cryo cooling.

3. Results and discussion

As shown in Fig. 1 nano-sized grains are formed similarly
to the grains in non-crushed HPT processed alloy.
The micrographs of bright field Fig. 1a and dark field Fig. 1b
show some nano-sized grains with high-angle boundaries.
The ring-like electron diffraction patterns with a small
number of point reflexes suggest a high ratio of low-angle
boundaries.

Microhardness of the samples after the HPT was
measured on the half radius of the sample. The microhardness
measurements show that HPT results in significant
strengthening of the WE43 alloy compared to the initial
ST condition. The average microhardness of the ST sample
is 774+50 MPa, while microhardness level after crushing
and HPT at room temperature is 1331+49 MPa. Evidently,
the strengthening induced by HPT is mainly caused by grain
refinement.
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The dependence of thermal stability of microhardness and
electrical resistivity of an ST sample and samples processed
by crushing and HPT on annealing temperature is presented
in Fig. 2. Microhardness of the WE43 alloy after crushing and
HPTismuchhigheratall temperatures compared to ST sample
(Fig. 2a). The dependence of microhardness of the HPT and
ST samples is non-monotonic and possesses a maximum.
Microhardness increases with an increase in the annealing
temperatures up to 200°C and 250°C for HPT samples and
ST sample, respectively. The increase in microhardness in a
range of aging temperatures (where the sample strengthens)
is evidently associated with precipitation of reinforcing
metastable phases. This is supported by a simultaneous
decrease in the electrical resistivity (Fig. 2b). Microhardness
of ST sample decreases gradually after reaching the maximum,
whereby microhardness of the crushed and HPT sample
dramatically drops during annealing at temperatures above
200°C. At higher temperatures microhardness of the ST and
HPT samples strives to a similar level at 400°C. Softening of
the alloy with increasing annealing temperature is explained
by grain growth and precipitation, with subsequent partial
dissolution of precipitates. The supersaturation of magnesium
solid solution with RE metals is in charge of the rise of
electrical resistivity at high annealing temperatures.
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Fig. 1. TEM micrograph of bright field (a) dark field (b), and bright field with corresponding electron diffraction pattern (c) of the crushed
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Fig. 2. (Color online) The dependence of microhardness (a) and electrical resistivity (b) of the WE43 alloy on the annealing temperature. The
annealing was performed subsequently on one sample, 1 h for each temperature.
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The behavior of microhardness and electrical resistivity
of the sample processed by crushing and HPT and the ST
sample during isothermal aging at 200°C is shown in Fig. 3.
An increase in microhardness with increasing aging time
occurs not only for the ST sample but also for the HPT
processed ones (Fig. 3a). All microhardness curves possess a
peak in the aging time dependence. Nevertheless, the crushed
and HPT processed sample reaches the microhardness peak
much earlier than the ST sample. Position of the microhardness
peaks for the HPT processed sample corresponds to about 1 h.
In the same way, electrical resistivity decreasing during aging
process (Fig. 3b) is explained by precipitation of RE atoms
from solid solution in magnesium. Electrical resistivity drops
more rapidly for the sample processed by HPT than for the
ST sample. This indicates that HPT enhances the precipitation
rate and shortens aging time to achieve the microhardness
maximum. The fast aging kinetics of the WE43 alloy processed
by HPT can be associated with high dislocation density and a
large area of grain boundaries, which promote nucleation and
growth of precipitates during aging.

In the work [3] our colleagues obtained similar
microhardness and electrical resistivity curves for solid
WE43 processed by HPT followed by annealing at rising
temperature or isothermal aging. Nevertheless, all levels of
microhardness for the initially solid sample are lower, than
for the initially crushed ones. After the HPT the initially solid
sample microhardness is 1189+33 MPa and the crushed
ones — 1331+49 MPa. The final level of microhardness for
the solid sample reaches the level of the ST sample. But the
crushed sample does not soften to such level. During aging
record microhardness for initially solid state sample reaches
1411+40 MPa. Crushing the alloy prior to the HPT we
exceeded that level and reached 1557 £25 MPa.

Hot extrusion of WE43 alloy and subsequent aging
provided microhardness of 1020 MPa and 1050 MPa,
annealing, and full aging (T6 treatment) — 1100 MPa [15].
Forging and additional aging resulted in microhardness
of 950 MPa and 1150 MPa [16]. Microhardness values of
810 MPa and 970 MPa were reached in [17] after hot rolling
and additional aging respectively. The WE43 alloy processed
by ECAP has 1020 MPa in microhardness according to [18].
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The final electrical resistivity during the investigation
of the thermal stability shows the rate of the dissolution of
precipitates and supersaturation of magnesium solid solution
with RE metals. For initially solid samples electrical resistivity
reaches values similar to the ST sample, 20.5 £ 0.25 pohm/cm?.
But the initially crushed samples resistivity does not
reach that level and stays at 17.17+0.74 pohm/cm? That
shows lower precipitates dissolution and solid solution
supersaturation. Additionally electrical resistivity during
aging for the crushed and HPT processed sample reached a
lower value, 11.73+0.52 pohm/cm? than that of a solid and
HPT processed sample 14.39+0.77 pohm/cm? [3].

Higher levels of microhardenss can be explained by the
additional second phase precipitation. That precipitation is
conditioned by additional defects induced by the surfaces of
individual particles during the HPT which act as precipitation
centers. The surfaces of individual particles can also induce
strengthening magnesium oxide particles into the sample.
Additionally, lower electrical resistivity points out a lower
precipitate dissolution and solid solution supersaturation.
That can be explained by RE segregation on the surfaces of
individual powder particles.

4. Conclusion

1. Mechanical crushing and subsequent high pressure
torsion at room temperature results in significant
strengthening of magnesium alloy WE43. The strength of
the HPT processed alloy is additionally improved by aging.
Extraordinarily high maximum value of microhardness, in
excess of 1557+25 MPa was reached. Such microhardness
level was not yet reached by other methods.

2. Additionally; electrical resistivity for the crushedand HPT
processed sample reached a lower value, 11.73+0.52 pohm/cm?
than that of a solid HPT processed sample.

3. Crushing prior tohigh pressure torsion creates additional
defects induced by the surfaces of individual powder particles
during HPT. Additionally the surfaces of individual powder
particles can act as segregation centers for rare earth elements.
That decreases the electrical resistivity due to lower precipitate
dissolution and lower solid solution supersaturation.
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Fig.3. (Color online) The dependence of microhardness (a) and electrical resistivity (b) of the WE43 alloy on the aging time during isothermal

aging at 200°C.
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