
This document is published in:

Journal of Alloys and Compounds 473 (2009) 79–86
DOI:http://dx.doi.org/10.1016/j.jallcom.2008.05.064

 © 2009. Elsevier 

Institutional Repository 

http://dx.doi.org/10.1016/j.jallcom.2008.05.064
http://e-archivo.uc3m.es/


Microst

Keywords: M

Abstract: E
microstructur

and phase p

unrecrystalli

size was red

The mechanic

1. Introduc

Severe pl
rials proces

(<100 nm) 

tem-peratur

size enhanc

high streng

versa. At hi

exhibits su

temper-atu

channel ang

material to

cross-sectio

pressing th

with the sa

Mg–Ni an

new alloys 

mirrors or h

stitute con

belonging t

retention a

alloys[15,1

cessing of e

∗Correspon

E-mail add
ructural characterization of an extruded Mg–Ni–Y–RE alloy processed by 

equal channel angular extrusion

agnesium alloys , Severe plastic deformation , Equal channel angular extrusion , Texture.

qual channel angular extrusion (ECAE) was performed in a conventionally extruded Mg–Ni–Y–RE mate-rial to develop fine-grained 
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astic deformation (SPD) has been introduced in mate-
sing to produce ultra-fine grained microstructures 

[1–3] that improve their properties at low and high 

es [4–6]. At low temperature, generally, a small grain 

es ductility and increases the yield strength, albeit a 

th is sometimes accompanied by low ductility and vice 

gh temperature, a fine-grained microstructure usually 

perplastic behaviour under appropriate conditions of 

re and strain rate. A typical SPD technique is equal 

ular extrusion (ECAE), which consists of subjecting the 

 intense plastic straining without changing its original 

n. This intense straining is achieved by simple shear 

e material through a die composed by two channels 

me cross-section, as illustrated in Fig. 1 [7–14].

d Mg–Ni–Y appear to be promising systems to develop

with some functional applications such as tunable

ydrogen storage medium. These new alloys could sub-

ventional Mg alloys in numerous applications. Alloys
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6]. Recent studies have shown that multi-pass ECAE pro-

utectic lamellar Mg–Ni alloy at elevated temperatures
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 homogenous microstructure with sub-micrometric 

g and Mg2Ni. Moreover, it appears that ECAE can 

he hydrogen retention capability of Mg–Ni alloys 

 results have been also obtained in ZK60 alloys [18].

g–Ni–Y–RE alloy were prepared by casting and subse-

extrusion at 400 ◦C. The microstructure consisted of 

s of about 4–5 m in size embedding a high volume 

 second-phase particles [19]. This microstructure 

igh strength at temperatures below 250 ◦C and 

c behaviour above 300 ◦C [19]. These results suggest 

r grain refine-ment in the extruded material could 

rength at room temperature as well as superplastic 

t high tempera-tures.

periments have been performed on a conventionally

g–Ni–Y–RE alloy containing a high volume fraction,

, of coarse second-phase particles. The effect of ECAE

e on microstructure and mechanical properties was

d. The present work is part of a comprehensive study

with microstructural changes, texture and mechanical

nduced in this alloy by ECAE.

tal techniques

2Y1CeMM1(at.%) alloy was prepared from binary Mg–Y, Mg–Ce mis-
M) and Mg–Ni master alloys, with a composition close to the eutectic

The starting materials were pure Mg, Ni, Y and CeMM (53 wt.% Ce,

wt.% Nd, 5 wt.% Pr). The melt was poured into bars, 42 mm in diame-

e machined up to 40 mm and then subjected to conventional extrusion

 an extrusion ratio of 18:1. Samples of 90 mm long were cut from the

rs to carry out ECAE experiments.
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 tried when discussing the ECAE deformation at 375 ◦C.
ing steps of Mg96Ni2Y1CeMM1alloy: (a) as-cast ingot, (b) conven-

n at 400◦C and (c) ECAE.

procedure is depicted in Fig. 1. The die is composed by two channels, 

ross-sections, intersecting at an angle of 120◦ between the entrance 

el. The test bars were machined to fit tightly within the channel. They 

ed with graphite paste, inserted into the die, held until they reached 

 temperature, and then pressed at 20 mm/min. Elevated temperature 

ng at 275, 310 and 375 ◦C was accomplished by heating the whole die 

temperature using built-in cartridge heaters.

 were cut from longitudinal and transversal sections of as-extruded

rmed materials to examine the microstructure. The specimens were

rounded, polished by alumina and swabbed for a few seconds using

olution. Microstructural analyses were made using field emission

lectron microscope (FEGSEM) and transmission electron microscope

dentification was performed by X-ray diffraction (XRD) and energy

y microanalysis (EDX).

easurements were carried out using a Siemens diffractometer

 a D5000 goniometer. Incomplete (1 0 0), (0 0 2) pole figures (PFs)

 over a range of azimuthal angles 0◦≤ ≤70◦in steps of = ˚=5◦

ns software. A textureless standard sample of pure Mg was used for

rection of the polar coordinates and̊ .

nical characterization, cylindrical specimens with a radius of 3 mm

length of 10 mm were machined from the ECAE deformed bars

e axis parallel to the extrusion direction (ED) as shown inFig. 1c.

were conducted at room temperature at an initial strain rate of

nt to know the degree of deformation damage in extruded an ECAE 

erials. Several techniques for damage characterization are avail-

X-ray microtomography [20–22] and high resolution transmission 

scopy (HRTEM) [23,24]. These techniques are limited for detect-

ormation of small solute or vacancy clusters. However, coincidence 

ening (CDB) measurements of positron annihilation radiation and 

me spectroscopy (PLS) have been revealed as successful techniques 

l clusters of solute atoms and impurity vacancy complexes in alloys 

DB measurements were done at room temperature on ECAE sam-

annihilation experiments were performed on pairs of high grade
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nts were carried out using two HP–Ge detectors in timing coinci-
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ting material for this study was obtained via casting 

ntional extrusion at 400 ◦C [19]. Fig. 2 shows the 

ure of the extruded alloy. Two different type of zones 

learly differentiated; agglomerated particles zones 

ed along the ED (Fig. 2a) and particles free zones (PFZs) 

 c). The total volume fraction of APZs is estimated to be 

which is higher than those frequently observed in most 

um alloys, often below 10%. PFZs are 50–150 m 

 15–30 m width. The grain size of the magnesium 

bout 4–5 m, although finer grains are found in very 

traight boundaries and triple junctions point angles of 

evidence dynamic recrystallization during extrusion, as 

g. 2d.

 recrystallization is a typical high temperature defor-

hanism in Mg-based alloys [27]. However, no grain 

ion is observed in some PFZs, designated in the following 

allized PFZs, which are characterized by the presence 

plastic flow produced during the extrusion, as shown in 

 behaviour could be attributed to the fact that the driv-

r the onset of dynamic recrystallization in these zones 

ing the extrusion.

ure of the as-extruded material was measured on the 

section (TS) and it is illustrated as measured (1 0 0) PF 

ted (1 0 0) and (0 0 2) PFs in Fig. 2e, f and g, respec-

 agreement between measured and calculated (1 0 0) 

. Although the intensity is relatively low, a concentra-

s at the centre of the (1 0 0) PF is observed, indicating 

 can be interpreted as a (1 0 0) fibre texture. This texture

f extruded magnesium alloys, where101̄0 direc-

o be aligned along the ED, i.e. the (0 0 2) basal planes are

he ED.

eformed materials
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ows the microstructures of the material ECAE deformed 

 and 375 ◦C. As expected, the as-extruded material 

 microstructural changes, especially grain refinement, 

ubjected to ECAE process. At 275 ◦C the microstructure 

 exhibits interesting features compared with the 

-ally extruded material shown in Fig. 2c. New small-

ed grains inside the PFZs, with grain sizes smaller than 1 
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some original unrecrystallized PFZs. This is revealed by 
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t APZs neighbourhoods, as shown in Fig. 3a and b, and 
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he Mg basal planes. The concentration of solute atoms



Fig. 2.Microstructure of as-extruded Mg96Ni2Y1CeMM1on a plane parallel to the extrusion direction showing: (a) and (b) the phase particles distribution, and (c) and (d)
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Fig. 3.LS microstructure after ECAE deformation at different temperatures: (a) recrystallized PFZ containing small grains and an unrecrystallized PFZ containing banded
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 The arrows indicate the traces of LPSO phase.
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 375◦C. Then, the vacancy-type defects present in the

 material are annealed out by the ECAE deformation at

n particular, it appears that ECAE at 375◦C annealed out

all the vacancy-like defects present in the as-extruded

 ratio spectra for the as-extruded material and ECAE

aterials are represented inFig. 7a along with the spectra

 of Y and Ni inFig. 7b. The spectrum of the as-extruded

ibits a wide peak centred at 11.3×10−3moc, which

 shape match with the characteristic peak found in the

ectrum for the Y sample shown inFig. 7b. This proves

fraction of positrons in the as-extruded material anni-

lectrons of Y atoms. ECAE deformation also produces a

hange in the features of CDB spectrum. The character-

ue to annihilation with electrons of Y atoms disappears

me that the lifetime spectrum becomes single compo-

atures of the high-momentum region in the CDB ratio

e not been considered because the corresponding data

e subjected to high uncertainties.
ent positron annihilation results can be explained tak-

ount that the positron affinity of Mg is −6.18 eV against

−4.46 eV for Y and Ni, respectively. This means that 

stly probe the Mg matrix and the Mg-rich phase parti-

ore, the above results evidence that vacancy-like defects 

he as-extruded material are Mg vacancies attributed to 

. Mg vacancy–Y pairs or complex vacancy–Y clusters, in 

x or in the Mg12RE phase. It should be mentioned that 

rgy of the vacancy–Y pair in the Mg matrix is relatively 

ing to calculations [37].

ons

ventional extrusion at 400◦C the microstructure of the

Y1CeMM1alloy consisted of agglomerated phase par-

nes, APZs, aligned with extrusion direction, and phase

ree zones, PFZs. This material had a structure of recrys-

rains, with an average size of 4–5 m, and a weak (1 0 0)

ure. Some PFZs, however, exhibited an unrecrystallized

tructure.

 ECAE pass in the temperature range of 270–375◦C

n size was reduced to less than∼1 m whereas the

xture vanished. In addition, the banded structure frag-

nto small nuclei, and the amount of unrecrystallized

eased with increasing ECAE temperature.

ormed materials yielded at tensile strengths higher

extruded material but without any significant change

ongation to failure. This is attributed to the fact that the

cture did not reach a stable state. Subsequent passes

d to produce further grain refinement and homogenous

at stabilizes the final microstructure.

ron annihilation experiments have revealed that the

Y1CeMM1alloy extruded at 400
◦C retained a high con-

n of vacancy-like defects associated with Y atoms in

matrix, which very likely are Mg vacancy–Y pairs or

y–Y clusters. One ECAE pass in the temperature range
◦C annealed out these defects. No positron evidence for

ation of defects after ECAE process was found.
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