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a b s t r a c t

The evolution of the microstructure in AZ91 Mg-alloy processed by equal-channel angular pressing (ECAP)
at 543 K was investigated. The initial material was a supersaturated solid solution, therefore the severe
plastic deformation and the precipitation occurred simultaneously. The precipitate morphology and the
defect structure in the matrix were studied after 2 and 8 ECAP passes. As a result of ECAP, continuous
precipitates formed instead of discontinuous ones usually observed at 543 K. After 2 passes of ECAP, both
vailable online 26 November 2009
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the size of precipitates and the solute atom concentration in the matrix showed a high level of inhomo-
geneity but after 8 passes the microstructure became more homogeneous. The precipitates coarsened
with increasing the number of ECAP passes.

© 2009 Elsevier B.V. All rights reserved.
recipitation

. Introduction

The AZ91 magnesium alloy (the main alloying elements are
wt.% Al and 1 wt.% Zn) is very attractive in many applications due

o its good castability, high strength to weight ratio and excellent
orrosion resistance [1]. This alloy is often used as a raw material
or structural components in automobile and aircraft industries.
he relatively high strength of AZ91 alloy can be attributed to the
exagonal crystal structure of the Mg matrix and the plate-like
g17Al12 precipitates. These precipitates usually formed during

he slow cooling after casting or annealing of the quenched sam-
les at high temperatures [2,3]. Depending on the heat-treatment
onditions, the precipitation in a supersaturated AZ91 alloy can
ccur continuously and/or discontinuously [2–5]. The discontin-
ous precipitates have a lamellar structure growing form the grain
oundaries and they develop solely at low temperatures (up to
bout 450 K) [6]. Continuous precipitates form in the grain interi-
rs and they have smaller aspect ratios compared to discontinuous

recipitates [6]. Continuous precipitates usually develop during
nnealing of a supersaturated alloy at temperatures higher than
bout 600 K [6]. At intermediate temperatures, both types of precip-
tation occur simultaneously [6,7]. The precipitate morphology has

∗ Corresponding author. Tel.: +36 1 372 2876; fax: +36 1 372 2811.
E-mail address: gubicza@metal.elte.hu (J. Gubicza).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.11.150
a significant effect on mechanical properties as fracture is mostly
initiated along them [8,9] and the fine dispersion of precipitates
could improve ductility at high temperature [10].

It was found in previous papers [11–14], that severe plastic
deformation (SPD) carried out at high temperatures on AZ91 alloy
resulted in a change of both the grain structure and the morphol-
ogy of precipitates. One of the most often used SPD method is equal
channel angular pressing (ECAP) as it can be applied on bulk sam-
ples having dimensions of several centimeters in all directions [15].
It was found that the shape of precipitates in the samples pro-
cessed by ECAP at 553 and 623 K was spherical while the annealing
of supersaturated alloys at the same temperatures without plas-
tic deformation resulted in elongated (plate-like) precipitates [12].
This change in the precipitate morphology can be explained by the
strong distortion in the SPD-processed matrix lattice due to dislo-
cations that can preclude the formation of long coherent boundary
between the matrix and the precipitates. Consequently, spherical
shape of precipitates is more favorable energetically than plate-
like shape [12]. The spherical morphology of precipitates yielded
a better ductility at high temperatures leading to an improvement
of the poor workability of AZ91 alloys [10,11]. Moreover, the ECAP

at high temperatures also resulted in a reduction of the grain size
and an increase in the dislocation density thereby increasing the
strength of the alloy [11,16]. The small grain size also contributes
to the promotion of superplastic deformation at higher strain rates
and/or lower temperatures than those conventionally used for large

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gubicza@metal.elte.hu
dx.doi.org/10.1016/j.jallcom.2009.11.150


J. Gubicza et al. / Journal of Alloys and Compounds 492 (2010) 166–172 167

compo

g
d
e
t
E
i
g
l
b
t
p

2

2

T
t
0
a
6
p
w
w
p
T
5
a

2

P
a
a
d
t
l
c

m
a
p
L
p

Fig. 1. Parts of the X-ray diffractograms showing the phase

rain size materials. The combination of high strength and good
uctility in AZ91 alloys was also achieved by other SPD techniques,
.g. differential speed rolling [17,18]. A recent study [19] has shown
hat the grain refinement in AZ31 and ZK60 Mg-alloys processed by
CAP started at the initial grain boundaries therefore above a crit-
cal initial grain size (it is between 3 and 9 �m), inhomogeneous
rain structure formed. In the present paper, we study the evo-
ution of the microstructure in AZ91 magnesium alloy processed
y ECAP at high temperature (543 K). Special attention is paid to
he possible inhomogeneities in the matrix microstructure and the
recipitation structure.

. Experimental procedures

.1. Sample preparation

The AZ91 alloy was produced by die-casting at Norsk Hydro, Oslo, Norway.
he average chemical composition of the alloy was determined and guaranteed by
he manufacturer as 89.81% Mg, 9.1% Al, 0.88% Zn, 0.18% Mn, 0.01% Si, 0.0045% Fe,
.0011% Cu, 0.0007% Ni in wt.% and 2.08 ppm Be. The main alloying elements in at.%
re 8.2% Al, 0.3% Zn and 0.1% Mn. The alloy was solution heat-treated for 18 h at
86 K. The heat-treated samples with dimensions of 10 mm × 10 mm × 60 mm were
ressed through an ECAP die. The angle between the intersecting channels was 90◦

hile the angle characterizing the outer arc of curvature of the channel intersection
as 0◦ . The ECAP was carried out at a constant temperature of 543 K for 2 and 8
asses which correspond to the equivalent strains of 2.3 and 9.2, respectively [20].
he samples coated with molybdenum disulfide (MoS2) were pressed at a rate of
mm/min using route C (i.e. the samples were rotated around their longitudinal
xis by 180◦ after each pass) [21].

.2. Experimental techniques for characterization of microstructure

The phase composition of the samples was studied by X-ray diffraction using a
hilips Xpert �–2� powder diffractometer with Cu K� radiation. The crystallite size
nd the dislocation structure in the matrix were investigated by X-ray peak profile
nalysis. The X-ray diffraction peak profiles were measured by a high-resolution
iffractometer (Nonius FR591) with a rotating Cu anode and a Ge monochroma-
or (Cu K�1 radiation, � = 0.15406 nm). The instrumental broadening was much
ower compared to the physical broadening of the profiles therefore instrumental
orrection was not applied.
The microstructure of the initial sample was studied by an Olympus optical
icroscope on the surface etched in a solution consists of 1 ml acetic picral, 4 ml

cetic acid, 20 ml water and 75 ml methanol. The precipitate structure in the ECAP-
rocessed specimens was investigated by scanning electron microscopy (SEM) using
EO XB 1540 and Tesla B525 microscopes. The studied surface of the samples was
olished first by grinding papers and finally by water suspension containing 50 nm
sition (a) in the initial state and after (b) 2 and (c) 8 passes.

sized alumina particles. Some specimens were etched in a solution consists of 75 ml
ethylene glycol, 1 ml HNO3 and 24 ml H2O for 15 s. Element maps were prepared by
energy dispersive X-ray analysis (EDX) in the LEO XB 1540 microscope using a low
value of accelerating voltage (5 kV) which ensures that the investigated volume has
a relatively small diameter (about 300 nm).

2.3. Evaluation procedure of X-ray diffraction line profiles

The measured physical X-ray peak profiles of the matrix were evaluated by
means of the convolutional multiple whole profile (CMWP) fitting procedure,
described in detail in reference [22]. In this method, the experimental diffraction
pattern is fitted by a theoretical diffraction pattern which is the sum of a background
and the theoretical peak profiles for the matrix. For each reflection the theoretical
line profile was obtained as the convolution of the theoretical size and strain profiles.
The first 16 reflections of the Mg-matrix were evaluated. The peaks of the precipi-
tates were included in the background of the pattern which was specified by a spline.
The theoretical diffraction line profiles of the matrix were calculated on the basis of
a model of the microstructure. In this model, the crystallites have spherical shape
and log-normal size distribution and the lattice strains are assumed to be caused by
dislocations. From the fitting of the experimental diffraction pattern by the theo-
retical one, the area-weighted mean crystallite size (〈x〉area [23]) and the dislocation
density (�) of the Mg-matrix were determined. It is noted that in Mg-alloys beside
dislocations twins usually also contribute to plasticity. At the same time, when the
effect of twins has been also included in the CMWP method [24], the twin probabil-
ity obtained for the present ECAP-processed AZ91 alloys was under the sensitivity
limit of X-ray line profile analysis. The twin probability is the relative frequency of
twinned crystal planes along their normal vector and its detection limit by X-ray line
profile analysis is about 0.1% that corresponds to a twin spacing of about 200 nm.
This is in agreement with a recent X-ray study [25] which has shown that in AZ91
Mg-alloy processed by SPD, the value of twin probability was less than the sensitiv-
ity limit of X-ray line profile analysis. If there were twins in the microstructure of the
present ECAP-processed AZ91 alloys, their average spacing is larger than the value
corresponds to the detection limit of twins by X-rays (i.e. it is larger than 200 nm).
Consequently, the assumption that the dislocations are the main sources of strain
broadening of line profiles is realistic.

3. Results and discussion

Fig. 1 shows parts of the X-ray diffractograms illustrating the
phase composition in the initial state and after 2 and 8 passes of

ECAP. In the case of the initial sample (see Fig. 1a), only the peaks of
the Mg-matrix are visible in the diffractogram. The positions of the
diffraction lines are shifted to higher angles compared with pure Mg
due to the reduction of the lattice parameters owing to the smaller
size of solute atoms (e.g. Al) compared to Mg. The lack of peaks of
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recipitates indicates that the majority of alloying elements are in
olid solution. However, it is noted that Mn has a very low solubil-
ty in Mg and usually it forms Al8Mn5 intermetallic compound in
he as-cast AZ91 structure and this phase is not soluble even dur-
ng the solution heat-treatments. Probably, this compound exists in
he initial sample after the solution heat-treatment, but its volume
raction was too low for the detection by X-ray diffraction analysis.
he solute atom concentration was approximated from the lattice
arameter. The lattice parameter a of the matrix having hexago-
al crystal structure was determined by extrapolating the lattice
arameters obtained from the h k 0 reflections to 2� = 180◦ by the
elson–Riley method [26]. As we could not separate the effect of

he different alloying elements on the lattice parameter, therefore
n effective total solute atom concentration (csol) was determined
rom the lattice parameter. Zn and Mn atoms have much smaller
oncentration than Al and they also reduce the lattice parameter as
l. Therefore csol was determined from the relationship between

he lattice parameter of Mg(Al) solid solution and the Al concentra-
ion given in ref. [27]. The slightly larger size of Al compared to Zn
nd Mn most probably results in a systematically higher calculated
olute atom concentration than the real value, but this deviation is
bout one order of magnitude smaller than the experimental error
ecause of the very small amounts of Zn and Mn. For the initial sam-
le csol = 8.7 ± 0.4 at.% was obtained which agrees with the sum of
he nominal alloying concentrations of Al, Zn and Mn in AZ91 alloy
8.6 at.%, see Section 2.1) within the experimental error. It is noted
hat the majority of Mn and a small fraction of Al are most prob-
bly in the Al8Mn5 intermetallic compound as it was mentioned
bove. The X-ray peak profiles for the initial specimen were as nar-
ow as the instrumental broadening indicating that the crystallite
ize is larger and dislocation density is lower than the detection
imits of the line profile analysis in our experiments (∼800 nm

nd ∼1013 m−2 for the crystallite size and the dislocation density,
espectively). Former transmission electron microscopy (TEM) [28]
nd optical microscopy [11] investigations showed that the mean
rain size in the initial sample was 40 �m which is also verified by
he optical micrograph presented in Fig. 2.

ig. 3. (a) A part of the X-ray diffractogram fitted by the CMWP method for the sample p
he open circles and the solid line represent the measured and fitted patterns, respectiv
otted curves. The difference between the measured and fitted patterns is at the bottom
Fig. 2. Optical micrograph of the microstructure for the initial sample.

Fig. 1b and c shows that during 2 and 8 passes of ECAP carried
out at high temperature, Mg17Al12 precipitates formed. The vol-
ume fraction of these precipitates was characterized by the ratio
of the summed intensity under the Mg17Al12 peaks and for all the
peaks in the diffractogram. It should be noted that this ratio does
not give the Mg17Al12 phase content in the samples and it is only
used to compare the two ECAP-processed specimens. The intensity
ratios were 10.2% and 12.7% after 2 and 8 passes, respectively. It is
noted that these values are close to the volume fraction (10%) of
the Mg17Al12 phase at 543 K obtained from the equilibrium Mg–Al
binary phase diagram [29]. As the intensity ratio determined after 2
passes is lower than after 8 passes only by about 20%, it can be con-
cluded that the majority of precipitates has already formed after 2

passes of ECAP.

In the case of the samples processed by ECAP, the solute atom
content of the matrix was determined from the X-ray diffraction
peak positions, similarly as in the initial state. At the same time,
careful investigations of the shape of peak profiles taken in the

rocessed by 2 ECAP passes. The magnified 1 0 3 reflection for (b) 2 and (c) 8 passes.
ely. In (b) the fitted peaks for the three fractions are also indicated by dashed and
of the figures.
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Table 1
The characteristic parameters of the Mg-matrix obtained by X-ray diffraction for the
samples processed by 2 and 8 passes. csol is the solute atom concentration, 〈x〉area is
the area-weighted mean crystallite size and is the dislocation density.

No. passes fraction 2 ECAP 8 ECAP
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high homologous temperature of deformation (the ratio of absolute
csol [at.%] 4.8 ± 0.2 5.0 ± 0.2 5.3 ± 0.2 4.6 ± 0.2
〈x〉area [nm] 193 ± 20 240 ± 30 81 ± 20 240 ± 30
� [1014 m−2] 0.9 ± 0.2 1.4 ± 0.2 1.2 ± 0.2 1.6 ± 0.2

ine profile experiments revealed that the solute atom concentra-
ion has a strong inhomogeneity in the specimen processed by 2
asses. Fig. 3a shows the fitting of a part of the diffractogram by
he CMWP method after 2 passes. The open circles and the solid
ine represent the measured and the fitted patterns, respectively. In
ig. 3b, the 1 0 3 reflection is magnified from the pattern presented
n Fig. 3a. This peak shows a strong asymmetry as the right tail of
he profile decreases much slowly than the tail part at the left-hand
ide. The other peaks taken after 2 passes have similar shape. Peak
symmetry can be caused by different reasons, such as long range
nternal stresses, planar faults or chemical heterogeneities [30]. At
he same time, in the former two cases the asymmetry is different
or various reflections, i.e. the slowly decaying tail of the profile is
n the smaller diffraction-angle part for some reflections and on
he higher diffraction-angle part for other reflections depending
n their h k l indices [31,32,24]. For the alloy studied here, all the
eaks show similar asymmetry independently of their h k l indices
the slowly decaying tail is on the higher diffraction-angle part),
hich is characteristic for the asymmetry caused by chemical het-

rogeneities. Most probably, this type of asymmetry is caused by
he high degree of inhomogeneity of solute atom concentration in
he matrix which results in a variation in the lattice parameters of
he Mg-matrix yielding to a splitting of the X-ray peaks.

Each asymmetric line profile can be evaluated by fitting it with
he sum of several profile components having different Bragg-
ngles which correspond to the fractions of the matrix having
lightly different lattice parameters. In order to evaluate these
symmetric line profiles, the CMWP method has been improved
or fitting two or more sets of peaks of different crystalline phases.
n the improved CMWP procedure, the experimental pattern can
e fitted by the sum of theoretical patterns of various crystalline
hases and a background spline. As the uncertainty of the fitting
arameters increases with increasing the number of peak compo-
ents fitted to a reflection, therefore a reasonable number of peak
omponents should be selected for which the number of profile
omponents is not very high and the fitting is well. In the case of
he AZ91 alloy processed by 2 ECAP passes, the fitting of the line
rofiles was satisfactory only if each peak was assumed to consist of
t least three profile components corresponding to three fractions
n the matrix having different alloying compositions. Consequently,
he diffraction pattern for the sample processed by 2 passes was fit-
ed by a sum of three theoretical diffractograms corresponding to
he three matrix fractions. The parameters of the microstructure as
ell as the peak positions and maxima of the three fractions were
tted by the CMWP method. Fig. 3b shows that the limitation of the
umber of fractions to three resulted in a satisfactory fitting to the
xperimental pattern. In Fig. 3b the fitted peaks for the three frac-
ions are also indicated by dashed and dotted curves. It is noted that

ost probably the alloying concentration and therefore the lattice
arameter change continuously, and the description of their dis-
ribution by three values is a strong simplification. Nevertheless,

ur procedure characterizes the inhomogeneity in the composi-
ion and the microstructure of the matrix. The alloying element
oncentration for the three fractions were determined by the same
rocedure as for the initial state and listed in Table 1. The solute
ompounds 492 (2010) 166–172 169

atom concentration for the three fractions varies between 4.8 ± 0.2
and 5.3 ± 0.2 at.%. There are only slight differences between the con-
centrations of the various fractions, but as the peak positions are
very sensitive to the alloying element content, therefore a split-
ting of the peaks were obtained. The variation of the solute atom
concentration in the matrix is most probably a consequence of the
inhomogeneous formation of precipitates. In the volumes, where
the precipitation is far gone, the solute atom concentration in the
matrix should be lower.

The relative amounts of the three fractions in the matrix were
characterized by the relative intensities of their peak components
summed up for all h k l reflections. The relative amount of “frac-
tion 1” having the smallest solute atom concentration is 73%. The
other fractions with larger solute atom contents have much smaller
amounts, namely 20% and 7% for “fraction 2” and “fraction 3”,
respectively. X-ray line profile analysis showed that in “fraction
1” having the smallest solute atom concentration, the dislocation
density and the mean crystallite size are (0.9 ± 0.2) × 1014 m−2 and
193 ± 20 nm, respectively. For the other two fractions containing
more solute atoms, the dislocation density is slightly higher and
moreover in the case of “fraction 3” the mean crystallite size is
smaller than in “fraction 1” (see Table 1). This can be explained by
the pinning effect of solute atoms on dislocations thereby hindering
the dynamic recovery of the microstructure during high tempera-
ture ECAP-processing. It is noted that in severely deformed metals,
the crystallite size measured by X-ray line profile analysis is usually
smaller than the grain size obtained by TEM [30]. This phenomenon
can be attributed to the fact that the crystallites are defined as the
domains which scatter X-rays coherently. As the coherency of X-
rays breaks even if they are scattered from volumes having quite
small misorientations (1–2◦), the crystallite size corresponds rather
to the subgrain size in the severely deformed microstructures [33].

After 8 ECAP passes, the peak profiles show a high degree of
symmetry (see Fig. 3c), indicating a strong reduction of the inho-
mogeneity in the solute atom concentration of the matrix. In this
case, a single profile was enough for a satisfactory fitting of each
peak. The solute atom concentration in the matrix is 4.6 ± 0.2 at.%
that is the same as the value obtained from the equilibrium Mg–Al
binary phase diagram at 543 K [29]. The mean crystallite size and
the dislocation density are 240 ± 30 nm and (1.6 ± 0.2) × 1014 m−2,
respectively. It should be noted that previous TEM experiments
showed that the mean grain size decreased to 1.2 �m after 8 ECAP
passes [34]. It was also revealed that in the latter sample the grains
were divided into subgrains with the size of 100–200 nm which
corresponds to the crystallite size determined by X-ray line profile
analysis.

The crystallite size and dislocation density characteristic for the
whole matrix in the sample processed by 2 passes can be calcu-
lated as the average of the values obtained for the three matrix
fractions weighted by the relative amounts of these fractions. The
average crystallite size and dislocation density are 195 ± 25 nm and
(1.0 ± 0.2) × 1014 m−2, respectively. The crystallite size remained
unchanged within the experimental error between 2 and 8 passes,
while the dislocation density slightly increased. This indicates that
the crystallite size saturated already after 2 passes while the dis-
location density increased with further ECAP-processing at 543 K.
The earlier saturation of the crystallite size compared to the dislo-
cation density has been also observed for other metals, e.g. for Cu
processed by ECAP at room temperature [35]. It is also noted that
the dislocation density is relatively low despite the large value of
strain applied during ECAP-processing. This can be attributed to the
temperature of ECAP to absolute melting temperature was 0.59).
The SEM images in Fig. 4a and b shows etched surfaces of the

specimen processed by 2 passes. The white objects in these fig-
ures correspond to the precipitates. Previous investigations [6]
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Fig. 4. SEM images taken on etched surfaces of the samples illustrat

ave shown that the heat-treatment at 543 K without severe plastic

eformation resulted in long plate-like discontinuous precipitates.
he present results indicate that severe plastic deformation at high
emperature yields the change of type of precipitates to rather
pherical, continuous ones. This observation is in agreement with
he results of a recent paper [12] where this effect was explained

ig. 5. (a) Secunder electron SEM image taken on a polished surface and (b) element ma
rame in (a) indicates the area shown in a higher magnification in Fig. 6.
e precipitate microstructure after (a and b) 2 and (c and d) 8 passes.

by the strong distortion in the SPD-processed matrix lattice that

can preclude the formation of long coherent boundaries between
the matrix and the precipitates and therefore spherical shape of
precipitates is more favorable energetically than plate-like shape.

Fig. 4a and b shows that the precipitates have inhomogeneous
distribution after 2 passes. Between the precipitated areas there are

ps for Mg, Al, Mn and Zn for the sample processed by 2 passes of ECAP. The white
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Fig. 6. The highly magnified area denoted by the white frame

egions where precipitates cannot be observed even in the image
ith higher magnification (see Fig. 4b). The majority of precipitates

eem to be located at narrow zones which are most probably related
o the boundaries of the initial grains. The areas observed to be
recipitated and precipitate-free are comparable. At the same time,
fter 8 passes precipitation-free regions are not observed as can
e seen in Fig. 4c and d. These SEM observations seem to be in
ontradiction to the results of X-ray diffraction where the intensity
raction of precipitates was smaller after 2 passes only by about 20%
ompared to the sample processed by 8 passes. This dichotomy
an be solved considering the SEM images and the relating EDX
lement maps in Figs. 5 and 6 taken at high magnification on the
olished surface of the sample processed by 2 passes. The areas
aving light grey contrast in the secondary electron image (SEI)
f Fig. 5a correspond to the precipitates as it is confirmed by the
g and Al element maps in Fig. 5b. The lighter the contrast in the
ap of a given element, the higher its concentration. The light grey

reas in Fig. 5a are depleted from Mg and enriched in Al indicating
hat they correspond to the Mg17Al12 precipitates. On the right-
and side and at the bottom of the image in Fig. 5a, there is an
rea where large precipitates were formed. The mean size of the
recipitates is about 0.5–1 �m which is the same as their size in
he precipitated area in Fig. 4b. In the upper part of Fig. 5a, there
re small precipitates. It is noted that there is a large (about 1 �m)
rain in the left-hand side of Fig. 5a which is enriched with Mn.
he composition of this grain is 56 at.% Al, 37 at.% Mn, 7 at.% Mg and

.3 at.% Zn determined by EDX which is close to the stoichiometry of
he phase Al8Mn5 observed previously in AZ91 alloy [36]. The area
enoted by the white frame in Fig. 5a is enlarged in Fig. 6a and the
orresponding element maps are presented in Fig. 6b. The areas
aving light grey contrast in Fig. 6a are the precipitates enriched
5. (a) SEM image and (b) element maps for Mg, Al, Mn and Zn.

in Al and depleted from Mg as it is proved by the corresponding
element maps. The size of the smaller precipitates estimated from
Fig. 6a is about 100–200 nm. The large precipitate enriched in Mn
is also clearly visible in Fig. 6.

Figs. 5 and 6 prove that there is a high degree of inhomogene-
ity in the size of precipitates after 2 passes. There are volumes
where the size of precipitates is large, about 0.5–1 �m, while in
other regions only very small (100–200 nm) precipitates exist.
Most probably, the latter regions appeared in Figs. 4a and b to
be precipitate-free due to the lower magnification of these SEM
images. This means that the majority of precipitates were formed
already during the first 2 passes of ECAP, but in the grain interiors
their size is much smaller than in the vicinity of the grain bound-
aries. The inhomogeneous development of precipitates is probably
related to the different diffusion rate of solute atoms in Mg-matrix.
The diffusion is faster at the grain boundaries than in the grain inte-
riors, therefore the precipitates first form in the vicinity of the grain
boundaries. As a consequence, after 2 passes the precipitates close
to the boundary regions are larger than those developed in the inte-
riors of the initial grains. Of course, during ECAP-processing a grain
refinement occurs and the new grain boundaries also act as path
for fast diffusion. A recent study [19] has shown that in Mg-alloys
having an initial grain size larger than 10 �m, the grain refinement
during ECAP started at the initial grain boundaries and the new
small grains were arranged along the initial grain boundaries as
a necklace. This observation also suggests that the precipitation

is the fastest in the vicinity of the boundaries of the large ini-
tial grains and also in the interior of the smaller initial grains. At
the same time, inside the large grains the precipitation is slower,
although it is promoted by the relatively fast diffusion along dis-
locations formed during SPD. As a consequence, precipitates were
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lso formed inside the large initial grains but they have smaller
ize than those developed at the initial grain boundaries. It has
een shown recently [19] that with increasing the number of ECAP
asses, the grain refinement also occurred inside the large initial
rains. This may contribute to the more homogeneous precipitate
icrostructure observed after 8 passes in our experiments (see

ig. 4c and d). Moreover, the size of the majority of precipitates
s between 0.5 and 2.5 �m in the sample processed by 8 passes
ndicating a grain coarsening of precipitates with increasing the
umber of ECAP passes.

. Conclusions

Supersaturated solid solution AZ91 alloy was processed by 2 and
passes of ECAP at high temperature (543 K). The severe plastic

eformation and the precipitation occurred simultaneously during
CAP-processing. The evolution of the microstructure was studied
y SEM and X-ray line profile analysis. The following conclusions
ave been drawn from the experimental results:

It was found that SPD resulted in the formation of spherical con-
tinuous precipitates instead of long plate-like discontinuous ones
which usually develop during heat-treatment at 543 K.
After 2 passes there is a high degree of inhomogeneity both in
the solute atom composition of the Mg-matrix and the size of
Mg17Al12 precipitates. The majority of precipitates have been
already formed during the first 2 passes of ECAP, but in the grain
interiors their size was much smaller (100–200 nm) than in the
vicinity of the grain boundaries (0.5–1 �m). At the same time, the
matrix composition and the precipitate structure became more
homogeneous after 8 passes.
A coarsening of the precipitates was found with increasing the
number of ECAP passes.
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