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_ ~ Introduction

Low density Me-based alloys allow for a significant weight reduction which rises the effective-
i 4 broad range of industrial applications. Unfortunately. the use of most of Mg alloys is
d to low temperature applications due to degradation of their mechanical properties at
iperatures above 2000 °C, There are several approaches how o overcome this problem. The
ary pmmis{ng way is the vse of non-traditional rare earth alloying elements [1]. The
-Nd temary alloy represents a novel age hardenable Mg-based alloy with enhanced
and favorable creep properties even at elevated temperatures [2]. The supersaturated
ution of Thin Mz decomposes in the following sequence of consequently precipitating
(hep) —+ BT (D019) — J3,(fec) — Pleubic) [2]. Despite the favorable strength and ther-
stability, a disadvantage of this alloy consists in a poor ductility insufficient for most of the
lindustrial applications. Grain refinement s a well-known methed how to improve duc-
of metallic materials. An extreme grain size reduction is achieved by severe plastic defor-
(8P, see |3] for review. The methods based on SPD produce bulk materials with ultra
ne grain i LFG) structure, The largest grain refinement is achieved by high pressure torsion
T) [3]. The HPT technigue has been already successfully employed for preparation of UFG
1%l alloy with grain size = 100 nm [4]. Small grain size, which lies in the nanocrystal-
range leads to a significant velume fraction of grain boundaries which represent obstecles
mvement of dislocations. It causes a significant hardering of UFG metals in addition to the
ardening effect caused by fine precipitates. As a consequence, the UFG metals exhibit a
mrehle combination of very high strength and a ressonable ductility.

The wim of this work is microstructure charscterization of Me-Th-Nd alloy prepared by HPT
ils comparison with the microstructure of cormesponding coarse grained material. Subse-
v, we compared the precipitation sequence in the UFG sample and the coarse grained al-
A typical feature of UFG structure is very high number of lattice defects introduced by
Obvicusly, defects imtroduced by SP1 play crucial role in the UFG structure. Detailed
terization of these defects represents, therefore, an important task in microstructure in-
stigations of the UFG materials. For this reason we employed positron lifetime (PL) spectros-
in the present work., PL spectroscopy represents a well established non-destructive
migue with very high sensitivity to open-volume defects like vacancies, dislocations, etc,
3] Thus. PL spectroscopy is an ideal ool for defects studies of UFG materials. PL spectrosco-
PN Was combined with transmission electron microscopy (TEM). electrical resisitivity and mi-
- erohardness investigations.
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2 Experimental

Specimens of technically pure Mg (99.9 %) and Mg-4%Th-2%Nd (Mg4Th2ZNd) alloy were in-
vestigated, The MgdTh2Nd alloy was prepared by squeeze casting using the technically pure
Mg. The as-cast material was subjected 1o a solution annealing at 5235 “C for 6 hours, This regt-
menl is sulficient (o dissolve the alloying elements completely [6]. The solution annealing i
finished by quenching into water of room temperature, To fabricate the UFG structure, the pe
reccived Mg and the solution oreated Med4Th2Nd alloy were deformed by HPT at room temper-
ature using 3 rotations under a high pressure of 6 GPa. After detailed characterization of the 3
deformed microstructure, the specimens were subjected to step-hy-step isochronal annealing
{20°C720 ming. Each annealing step was finished by guenching into water of room tempersture
and subsequent investigations performed at room lemperature,

A fasi-fast Pl spectrometer similar fo that described in [7] with time resolution of 160 ps
was used in this work, The TEM cbservations were carried out on a JEQL 2000 FX electeon mi-
croscope aperating at 200 kY. The Vickers microhardness, HV, was measured at a load of 1 ¢
applied For 10 s using 1 LECO M-400-A hardness tester, Electrical resistivity was measured yt
77 K by means of the dc four-point method with a dummy specimen in series, Kelative electi-
cal resistivity changes Agde were obtained to within an accuracy of 107 The etfect of a parasi-
ic thermo-electromotive force was suppressed by a change in polarity.

3 Resulis and Discussion

The positron lifetimes ¢ and the relative intensities £, of the components resolved in the PL
spectra of studied specimens are listed in Tuble 1. The well annealed Mg reference specimen
exhibits a single component PL spectrum with lifetime 7= 225 ps which agrees well with the
calculated Mg bulk lifetime [8]. Thus, defect density in the reference Mg specimen is nealigible
and virtually all positrons annihilate from the free state. The as cast Mg4Tb2Nd alloy exhibis
two comporent PL spectrum. The shorter component with lifetime 7, comes (rom free
positrons, while the component with a longer lifetime > represents o contribution of positrons
trapped at defects. The lifetime 7, agrees well with the lifetime of positrons trapped at dislocy-
tons in Mg 81, Thus, it can be concluded that the as-cast alloy contains dislocations introduced
in the course of casting and shaping of the specimens. Dislocation density g, in the specimen
can be calculated using the two state trappmg model [3]

LAfT E)
= 1 BRI (l
A Vi J,l.lfH -r1| !

'l

where v, stands for the positron trapping coefficient for dislocations in Mg, In the present work
we use ¥,=1- W0 m® 5" (9], The Eq. (1) then yields g,=8 - 10 m? for the as cast
MedTh2Nd.

The solution treated alloy exhibits coarse grains with mean diameter of over 300 pm. One
can sec from Table | that the most of positrons in the solution treated MedTh2Nd annihilate
from the free state and contribute W the shorter component, However, there is also o weak come
ponent with lifetime ¢, = 280 ps, which is close to the lifetime of positrons trapped at Mg vican-
cy [BL It indicates thar a small fraction of positrons is trapped in quenched-in vacancies, The
[ree vacancies in Mg are not stable at room temperature. therefore, the observed defects are v
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cancies bound to Th or Nel atoms. Similar type of delects, i.e. the quenched-in vacancies bound
o Gd atoms, were found also in the solution weated Mg-Gd alloy [8]. No contrbution of
positrons trapped at dislocations was found in the PL spectrum of the solution treated
MedTh2NA. Tt testifies that dislocations were annealed out under detectable limit (below
[0 M%), This conclusion is supported also by TEM ohservations. It should be also mentioned
- that o precipitates were observed by TEM in the solution treated alloy.

Table 1: Positron lifetimes 1, and relative intensities {, of the components resolved in the PL
- spectima

Sample 7, (ps) I, (%) T (ps) 1 (%)
well annealed Mg (280°C 30ming 2248+ 0.5 100 = -
ModTh2Nd — as cast 19312 44432 25542 oo+ 1
MedThINA — solution treated 210 +1 Al £1 280 % 20 ot1
MedThINd - HPT deformed 180+2 149 +£04 256 % 2 5.1 £04

Figure 1: TEM images of UFG Me4Th2Nd alloy; (a) as deformed structure. (h) sample annealed up to 400

A representative TEM image of HPT-deformed MgdTh2Nd alloy is shown in Fig. la. The
specimen shows a homogeneous UFG structure with grain size around 100 nm. The dominant
component in the PL spectrum exhibits lifetime o= 256 ps which corresponds to positrons
trapped at dislocations in Mg. Thus, majority of positrons are trapped at dislocations intronluced
by SPD. The dislocation density g,=3 - 109 m™ was calculated vsing Eg. (1). A high density
of dislocations can be see also on the TEM image. It is too high to resolve individual dislocation
lings. The dislocations are homogeneously distributed throughout whole grains. The electron
diffraction pattern testifies long angle miss-orientation ol neighboring grains. The specimen ex-
hibits (00,1} type texture. Mo precipitutes were found in the as-deformed alloy by TEM. The
sirng arain refinement and o high number of dislocations leads to a substantial hardening
which ean be seen in a rise of microhardness: the HPT-deformed alloy exhibits about 140 %
tigher microhardness compared to the solution treated specimen. Temperature dependence of
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the intensity of trapped positrons in the solution treated and the HPT-deformed alloy subjected
ta isochronal annealing arc shown in Figs, 2o and 2b, respectively. Temperature dependence of
microhardness HV for both the specimens is shown in Figs, 3ab.
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Figure 2: Temperatene dependence of the intensity 1, of pesitrons trapped at defecis; (a) solution treacd
MgdTh2Nd alloy, (b HPT deformed Mz4Th2Nd alloy

Let us start to discuss the precipitation effects in the solution treated alloy. The quenched-in
vacancies bound to the alloying clements are annealed out by annealing at 120°°C, It is seen in
Fig. 2a as disappearance of the long lived component with lifetime ¢, = 280 ps and intensity /.,
The sample exhibits a single component PL spectrum in the temperature range (120-280) °C.
i.e. there are no active positron wraps in this temperature interval. From Fig. 3a, it becomes clear
that the precipitation of the f" phase particles starts around 80 "C and causes o remarkuble hurd.
ening. The ' phase particles are fully coherent with the Mg lattice and. thereby. no open vol-
ume delects are introduced by precipitation of the B phase. The positron affinity of the f*
phase is not known so far, but our results show clearly that it is most probably not favorable for
positrons, As o consequence, there is no positron trapping in the 8" precipitates and PL spec-
troscopy is nol sensitive to the precipitation of the (" phase. TEM investigations revealed oul
that fine spherical P phase precipitates rransform into fine plates in the lemperature interval
(180-240) °C. One can see in Fig. 3b that it has a strong hardening effect with the peak hand--
ness w 210°C. Fine 'phase plaes precipitates in a riangular configuration parallel with the
prismatic planes { 11.0}. Further annzaling up to 270 °C leads to growth of the plate shaped pre-
cipitates (diameter 20-30 nm) reflected by a decrease of microhardness and resistivity. At hizh-
er temperatares the B phase is transformed into B, phase with foe structure. Plates (200-500 nn
in diameter) of the b, phase were observed by TEM in the alloy annealed up to 330 °C. The for-
meation of the f, phase is accompanied by appearance of a defect component with lifeting
r,= 256 ps in PL spectra. Intensity of this component steeply increases with temperature uptoa.
akimum at 340 *C, see Fig. 2a. Thus, new positron raps are created by formation of the f.'l-':
phase precipitates. Positrons are moest probably tapped at misfil defect al the precipitate-matnx.
interfaces. However positron trapping inside the precipitates can not be excluded as well. An in-
crease of resistivity and a decrease of [ above 340 °C is due o dissolution of the [, phase pani-
cles. This behavior is postponed in the emperature range (390-450) "C by formation of the i
phase (plate-shaped particles 2-3 pum in diameter). The precipitation of the B phase causes
slight hardening seen in Fig. 3a. Above 450 °C the p phase precipitates dissolve and the solid
solution is restored.
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Fere 3 it solution tremed MeaThIZNd alloy — emperature dependence of miciohardness fopen cireles band the
relaive change of electrical resistiviey (full circles); (h) HFT deformed MedThaNd alloy — temperiture depen-
denee of macrohaniness

The microstructure development of HPT-teformed MgdTh2Nd includes not only the precip-
ftation effects, hut also the recovery of the defects introduced by SPD. The intensity f, of
positrons trapped at dislocations exhibits an abrupt decrease in the temperature range
(100-180)) °C, see Fig. 2b. It gives a clear evidence for a recovery of dislocations which takes
plitce in this temperature interval and was confirmed also by TEM (Fig. Ih). A single compo-
nent PL spectrum above 180 °C indicates that the dislocation density dropped well below =

10%m 2. The precipitation of the " phase, which takes place at similar temperatures as in the
coarse grained alloy, causes a remarkable hardening, see Fig. 3b. As has been already ex-
pluined, PL spectroscopy is insensitive to the precipitation of the coherent " phase. One can
see in Fig. 2b that the intensity 1, starts to increase again in the sample annealed up 1o 220 °C
and exhibits maximum at 260 °C. The recovery of dislocations was completed already at
180 °C. Hence, this increase of 7, is not connected with dislocations, but occurs due to positron
tmpping at defects introduced by precipitation of the B, phase particles. The lifetime of the de-
fect component which appeared above 220 °C lies again around 256 ps. It supports the picture
that this component comes from positrons trapped at the misfit defects at the [i, phase incoher-
ent interfaces, Precipitation of the i, phase is reflected also by an increase of microhardness.
ﬂﬁcrannea]ing above 260 °C, the behavior of 7, is reversed and it gradually decreases in similar
manner s in the coarse grained alloy. The difference between the HPT-deformed and the coarse
grained alloy consists in the fact that precipitation of the [}, phase starts not at about 270 °C but
already at 220 °C. As a consequence, the maximum of £, and the peak hardness in the HPT- de-
formed alloy are shifted to about of 80°C lower temperatures compared to the coarse grained
alloy. Thus, the precipitation of the f, phase and most probably also the shape transformation of
the " phase start at significantly lower temperature in the HPT-deformed alloy. Tt has two rea-
sons: (i) The extremely small grain size leads to a significant volume fraction of grain bound-
arics. The defects in grain boundaries serve as centers for nucleation of the second phase
particles, (i) Diffusivity of the Th and Nd atoms is enhanced by a possibility o diffuse along
grain boundaries, Both the factors facilitate the precipitation effects in the HPT-deformed alloy
and shift the precipitation of the [}, phase to lower temperatures,



4 Conclusions

The capability of HPT 1o achieve an extreme grain size refinement of was demonstrated in the
present work on MgdThINd alloy. The HPT-deformed alloy exhibits a grain size around
106w andd a high density of homogeneously distributed dislocations, The UFG strocture leads
Lo o significant rise of hardness of the HPT-deformed alloy. Temperature development of mi-
crostructure of the HPT defermed alloy was studied and compared with the coarse grained sam-
ple. Full recovery of dislocations in the HPT-deformed alloy takes place in relatively narrow
temnperature interval ( 100-180) “C, The precipitation sequence in the alloy with UFG strucmire
differs from that in the coarse grained alloy. Namely the precipitation of the [, phase starts and
shape transformation of the B phase take place af remarkably lower temperaturcs,

5 Acknowledgements

This waork was financially supported by the Czech Science Foundation (conteact 108050073,
The Ministry of Education, Youth and Sports of Czech Republics {project M5 (021620834),
and INTAS.

[ References

[11 Mordike, B.L., Mat. Sci. Eng. A 2002, 324, 103-112,

[2] Neubert, ¥., Stlikova L, Smola, B.. Mordike B.L., Viach, M., Bakkio, A, Peloova ), in:
Proc. of ISPMA 10, Prague, September 2003, 1o be published in Marter.Sci. Eng. A,

131 Valiev, L2, lslamgaliev, R.K., Alexandrov, 1.V., Prog. Mat, Sci. 2000, 43, 103,

[4] Cizek, 1. Prochazka, 1., Stwlikove, L, Smola, B, Kuzel, R, Cherkaska, V.. Islamgaliey,
K. Kulyasova, O.. in: Magnesinm, Proceedings of the Sl nteenational Conference
Megnesivm Allovs and Their Applicaiions, K.U. Kainer (Ed. ), Wiley-VCH Weinhein
2003, p. 202-207.

[31 Hautogirvi, P., Corhel, C., in: Proveedings of the Intermational School of Physics |, Enrico
Fermi®, A Dupasquicr, A P, Mills (Fds), Coarse CXXY, 103 Press. Varena. 1995,

p. 491-362.

[6] Stulikewva, 1., Smola, B., Zaludova, M., Vlach, M., Peleova, .. Kovove Mater, 2005, 43,
272270,

[7] Becvar, F. Cizek. |, Lestak, L, Novetny, L. Prochiazka, 1., Sebesta, F., Nucl, Inst. Meth,
A 2000, 443, 357-577.

[8] Cizek. )., Prochazka, L, Becvar, F., Stulikova, 1, Smola, B Kufel. R, Cherkaska, V.,
[slamgaliey, B.K, Kulyasova, O, phys. stat. sol. (a) 2006, 2003, 466477

[9]  Abdelrahman, M. Badawi, P, Jpn. I Appl. Phys. 1996, 33, 47284720




