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Mg95Zn4.3Y0.7 (at.%) alloy powder produced by an inert gas-atomizer was consolidated by high-pressure
torsion (HPT) at room temperature and 373 K. The phase composition and the microstructure were inves-
tigated by X-ray diffraction and the microstructural parameters were correlated to the yield strength.
HPT-processing yielded an ultrafine-grained microstructure with high dislocation density, leading to a
large yield strength of the samples. Both the gas-atomized powder and the consolidated samples con-
tained an icosahedral Mg3YZn6 phase (I-phase) besides the main phase of a-Mg. It turned out that the
I-phase dispersoids strengthen the consolidated material indirectly by increasing the dislocation density
due to their pinning effect.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Mg alloys are important raw materials in the metal industry
due to their low density (1.74 g/cm3) and abundance in the nature
(e.g. in seawater) [1]. The major drawbacks of magnesium are the
low strength and ductility, as well as the weak corrosion resistance
(especially in aqueous environments) which limit their practical
applications. It has been found that the mechanical behavior of
Mg alloys can be improved by suitable selection of alloying ele-
ments (e.g. by addition of rare earth elements such as Y, Nd or
Gd) [2–5] and/or by refinement of the microstructure into the
ultrafine-grained (UFG) regime [6–10]. The grain refinement in
bulk Mg-alloys have been performed by severe plastic deformation
(SPD) techniques, such as cyclic extrusion and compression (CEC)
[11], equal-channel angular pressing (ECAP) [12–14] or high-pres-
sure torsion (HPT) [15–19]. Among the various SPD methods, HPT
was found to be the most effective technique in grain refinement
due to the very high imposed strain and applied pressure com-
pared to other SPD processes. The HPT process has been applied
mostly for the grain refinement of bulk solid materials, but it is also
capable for the consolidation of amorphous or nanocrystalline
powders [20–24]. The temperature of HPT-processing is usually
lower than in other sintering methods, thereby retaining the meta-
stable amorphous or nanocrystalline microstructures even in the
consolidated materials. Additionally, the large strain and pressure
ll rights reserved.
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applied in HPT yield breaking of the native oxide layer on the sur-
face of particles that enables a faster diffusion of metallic atoms
and a stronger interparticle bonding. Moreover, HPT-processing
is less expensive than the closed atomization and extrusion sys-
tems applied recently for the consolidation of Mg-alloys [25].

In the present study, a gas atomized Mg–Zn–Y powder is con-
solidated by HPT at two different temperatures (room temperature
and 373 K). It has already been shown that Mg–Zn–Y alloys pro-
cessed in bulk form by casting have enhanced strength and hard-
ness at both room and elevated temperatures, as a result of a
homogeneous distribution of metastable icosahedral phase in the
Mg matrix [26]. However, the yield strength and its correlation
to the defect structure in Mg–Zn–Y alloys consolidated from pow-
ders by HPT have not been investigated yet. In the present study,
the densities of lattice defects (dislocations and twin boundaries)
are determined by X-ray line profile analysis and correlated to
the yield strength for a Mg–Zn–Y alloy processed from a powder
by HPT.
2. Experimental

Powders with the chemical composition of 95% Mg, 4.3% Zn and 0.7% Y (at.%)
were produced by a high-pressure gas-atomizing process. The melt flow rate, esti-
mated from the operating time and the weight of the atomized melt, was approx-
imately 1 kg/min, while the applied Ar gas pressure was 5 MPa. Surface oxide layers
on the powder particles were artificially introduced by controlling the chamber
atmosphere in order to prevent an explosion of the flammable Mg alloy powder.

The as-received powder was consolidated by HPT at room temperature (RT) and
373 K in order to investigate the effect of the processing temperature on the powder
consolidation and the yield strength. In the case of HPT performed at 373 K, first the
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upper and lower anvils were heated up without the sample until the desired tem-
perature was reached. Afterwards, the anvils were separated and a pre-compacted
disk of the Mg alloy was placed in a circular groove at the center of the lower anvil.
Then, a pressure of 2.5 GPa was applied to the lower anvil which lifted it up to the
operating position. The upper die remained at a fixed position during the process,
while the lower die rotated up to 10 revolutions at a constant rate of 1 rpm in order
to apply shear strain to the sample. The applied pressure was 2.5 GPa. The final
HPT-processed samples were 20 mm in diameter and 0.8 mm in height.

A Philips Xpert (k = 0.15418 nm) X-ray powder diffractometer was used to
determine the phase composition in the initial powder and the consolidated sam-
ples at the center, half-radius (at the distance of 5 mm from the center) and periph-
ery (at the distance of 9 mm from the center). The microstructure of the
consolidated disks was studied by X-ray line profile analysis. The X-ray line profiles
were measured by a high-resolution rotating anode diffractometer (Nonius, FR 591)
using CuKa1 (k = 0.15406 nm) radiation. The line profiles were evaluated by the
convolutional multiple whole profile (CMWP) fitting analysis [27]. In this proce-
dure, the diffraction pattern is fitted by the sum of a background spline and the con-
volution of the instrumental pattern and the theoretical line profiles related to the
crystallite size, dislocations and twin faults. The theoretical profile functions used in
this fitting procedure are calculated on the basis of a model of the microstructure,
where the crystallites have spherical shape and log-normal size distribution. The
CMWP procedure gives the median and the variance, m and r, of the log-normal
size distribution function; the density of dislocations, q; the q1 and q2 parameters
in the contrast factors of dislocations and the twin boundary frequency, b. The latter
quantity is defined as the relative fraction of twin boundaries among the lattice
planes acting as habit planes in twinning. If the temperature is not very high, twin-
ning occurs mainly on {102}, {111} and {112} planes in hcp materials [28], there-
fore in the line profile analysis we assume the existence of these twin families with
equal weights. The area-weighted mean crystallite size, <x>area, was calculated from
m and r as <x>area = m exp(2.5 r2) [29]. The q1 and q2 parameters of the contrast
factors depend on the character of dislocations and therefore enable the determina-
tion of the relative fractions of dislocations with <a>,<c> and <c+a> Burgers vectors
[30].

After the HPT process, the surfaces of the disks were mechanically polished to a
mirror-like finish for microhardness measurements. The Vickers microhardness
(HV) was measured along the diameter of the HPT-processed disks by a Zwick Roell
ZHl microhardness indenter with an applied load of 500 g and a dwell time of 10 s.
3. Results and discussion

The microstructure of the atomized powder has already been
characterized in our recently published paper [31]. The sizes of
the spherical particles in the initial powder were between 30–
150 lm as measured by a conventional mechanical sieving tech-
nique. The thickness of the oxide layer on the particles’ surfaces
was determined by stepwise etching of the surface using Ar ions
and monitoring of the chemical composition of the remaining
material by Auger electron spectroscopy. The thickness of the sur-
face oxide layer was obtained to be 48 ± 5 nm [32].

The crystalline phases in the initial powder and the disks pro-
cessed by HPT at RT and 373 K were identified by X-ray diffraction.
The X-ray diffractograms obtained for the initial powder and the
sample consolidated at RT are shown in Figs. 1a and b, respectively.
Both the initial powders and the consolidated disks consist of a
main a-Mg phase and a secondary icosahedral quasi-crystalline
Mg3YZn6 phase (I-phase). The I-phase is known to possess im-
proved physical properties, such as high strength, high thermal
conductivity and low friction coefficient due to its peculiar lattice
structure [33]. It was found in previous reports [34,35] that an I-
phase formed in a-Mg matrix when Zn/Y ratio was in the range
of 5–7. This is in accordance with the present observation of I-
phase since the Zn/Y ratio is 6.1 in the Mg95Zn4.3Y0.7 powder. The
relative fraction of I-phase was characterized by the ratio of the
integrated intensities of the strongest peaks of I-phase and a-Mg
phase at 2h = 38.44� and 36.62�, respectively. The relative intensity
of I-phase was 11 ± 3% for both the initial powder and the consol-
idated samples, irrespectively of the location along the radius of
the HPT-processed disks. It is noted that oxide phase was not de-
tected by X-ray diffraction either in the initial powder or in the
consolidated specimens which can be explained by its small
fraction (0.2–1% as calculated from the particle size and the oxide
layer thickness) and/or its amorphous state. Additionally, the
observation of this oxide phase is more difficult if it does not form
dispersoids during sintering but rather remains in the form of a
thin grain boundary layer, similar to carbides in steel after HPT
[36] or MnO in Mn-doped nanograined ZnO [37].

A recently published TEM analysis determined the grain size at
the center, half-radius and periphery of the disks consolidated by
HPT at RT and 373 K [31]. The grain size values are listed in Table
1. It can be seen that the grain sizes in both HPT-processed disks
(150–500 nm) are in the ultrafine-grained regime. These very fine
microstructures were developed due to SPD occurred during con-
solidation by HPT. The grain sizes in the consolidated samples were
similar or even smaller than the values obtained for Mg-alloys pro-
cessed by SPD techniques in bulk form [11–19]. The relatively large
amount of I-phase dispersoids most probably contributed to the
grain-refinement due to their pinning effect on grain boundaries.
The weakening of this effect at the higher consolidation tempera-
ture (373 K) yielded a larger grain size. It is noted that in addition
to the effect of I-phase dispersoids, the large ability of HPT to refine
the grain structure also contributed to the evolution of the very
small grain size. For comparison, the consolidation of the same
powder by extrusion with the ratios of 10:1, 15:1 and 20:1 led to
one order of magnitude larger grain size than in the case of the
present HPT-processing [38].

The lattice defect structures at the center, half-radius and
periphery of the HPT-processed disks were studied by X-ray line
profile analysis using the CMWP fitting method. As an example,
the CMWP fitting for the periphery of the sample consolidated at
RT is shown in logarithmic intensity scale in Fig. 2. The open circles
and the solid line represent the measured data and the fitted curves,
respectively. The area-weighted mean crystallite size, the disloca-
tion density and the twin boundary frequency obtained from the
CMWP fitting are listed in Table 1. It can be established that the
parameters of the microstructure only slightly change along the ra-
dius of both consolidated disks. The dislocation densities deter-
mined in the specimen consolidated at RT (5.0–6.5 � 1014 m�2)
are slightly higher than the values obtained for the sample pro-
cessed at 373 K (3.6–5.0 � 1014 m�2) due to the easier annihilation
of dislocations at higher temperature. It is noted that the relatively
small difference between the dislocation densities evolved at the
two considerably different temperatures of HPT was most probably
caused by the native oxide layer on the powder particles’ surfaces.
Namely, a high degree of plastic deformation of the Mg95Zn4.3Y0.7 al-
loy powder can be achieved only if the native oxide layer on the sur-
face of the particles breaks during HPT. The fragmentation of the
oxide layer is more difficult at lower temperatures, which may ob-
struct the plastic deformation of powder particles during HPT-pro-
cessing at RT. This effect can moderate the higher dislocation
density which would have formed due to the lower annihilation rate
at RT.

The crystallite sizes are slightly smaller (36–58 nm) for the disk
consolidated at RT than the values determined for the sample pro-
cessed at 373 K (53–64 nm) in accordance with the trend observed
for the grain sizes obtained by TEM. However, it should be noted
that the crystallite size determined by X-ray line profile analysis
is smaller by a factor of 5–10 than the grain size obtained by
TEM. This phenomenon is well known in the literature of SPD-pro-
cessed metallic materials and can be attributed to the fact that the
crystallites are equivalent to the coherently scattering domains. As
the coherency of X-rays breaks even if they are scattered from vol-
umes having quite small misorientations (1–2o), the crystallite size
corresponds rather to the subgrain size in the severely deformed
microstructures [39]. Table 1 shows that twinning is marginal dur-
ing consolidation of the Mg-alloy by HPT at both RT and 373 K. Sig-
nificant but low values of twin boundary frequency can be
observed only at the periphery of the sample processed at RT,
and the half-radius and periphery of the specimen consolidated



Fig. 1. X-ray diffractograms for (a) the initial powder and (b) the sample processed by HPT at RT.

Table 1
The grain size (d) obtained by TEM and the area-weigthed mean crystallite size
(<x>area), the dislocation density (q) and the twin boundary frequency (b) determined
by X-ray line profile analysis for the center, half-radius and periphery of the disks
consolidated by HPT at RT and 373 K.

Sample d [nm] <x>area [nm] q [1014 m�2] b [%]

Center, RT 350 58 ± 6 5.0 ± 0.5 0 ± 0.1
Half-radius, RT 325 54 ± 5 6.5 ± 0.7 0 ± 0.1
Periphery, RT 150 36 ± 4 5.0 ± 0.5 0.2 ± 0.1

Center, 373 K 500 62 ± 6 3.6 ± 0.4 0 ± 0.1
Half-radius, 373 K 300 64 ± 6 3.8 ± 0.4 0.2 ± 0.1
Periphery, 373 K 500 53 ± 5 5.0 ± 0.5 0.2 ± 0.1
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at 373 K. The low level of twinning is most probably caused by the
relatively small grain size formed during HPT as in hexagonal close
packed metals the reduction of grain size is usually accompanied
by the decrease of twinning activity [40]. The relative fractions of
<a>,<c> and <c+a> dislocations are about 70, 10 and 20%, respec-
tively, for all samples and locations. The abundance of <a>-type
dislocations can be attributed to their smallest Burgers vector
and therefore their lowest energy among the three types of dislo-
cations. The low twin boundary frequency together with the con-
siderable fractions of <c> and <c+a> dislocations suggest that the
plasticity in the hexagonal c-direction occurred mainly by the
operation of these dislocations instead of twinning.

Fig. 3 shows the Vickers microhardness as a function of the
distance from the center for the two HPT-processed disks. It is
Fig. 2. CMWP fitting of the X-ray diffraction pattern measured at the periphery of
the sample consolidated by HPT at RT. The open circles and the solid line represent
the measured and the fitted X-ray diffraction patterns, respectively.
revealed that the hardness does not change significantly along
the disk radius for the sample processed at 373 K while the hard-
ness slightly increases with increasing the distance from the center
for the disk produced by HPT at RT. The experimental yield
strength was estimated as one third of the hardness and compared
with the values determined from the parameters of the micro-
structure at the center, half-radius and periphery of the disks. First,
the yield strength was calculated from the dislocation density (q)
using the Taylor-equation as:

rTaylor ¼ rT
0 þ aMT Gbq1=2; ð1Þ

where rT
0 is the friction stress (25 MPa [41]), a is a constant (0.5 was

selected as mostly basal and prismatic <a>-type dislocations were
observed [42]), MT is the Taylor factor (�4.5 for texture free hexag-
onal close packed Mg [42]), G is the shear modulus (17 GPa [43])
and b is the average length of the Burgers vector (0.4 nm). The mea-
sured and the calculated yield strength values are in good agree-
ment as shown in Fig. 4. The yield strength was also calculated
from the grain size (d) determined by TEM using the Hall–Petch
formula:

rHP ¼ rHP
0 þ kd�1=2 ð2Þ

where rHP
0 is a thresold stress (131 MPa [44]), k is the Hall–Petch

slope (1280 MPa�nm1/2 [44]). It is noted that these values of rHP
0

and k are valid only in the grain size regime of 100–1000 nm.
Fig. 4 demonstrates that the yield strength determined from the
grain size is much smaller than the experimental values. However,
the Taylor-equation gives a good estimation of the yield strength,
indicating that the main strengthening mechanism is the interac-
Fig. 3. The Vickers microhardness (HV) as a function of the distance from the center
for the disks processed by HPT at RT and 373 K.



Fig. 4. The calculated yield strength obtained from the Taylor- and Hall–Petch
equations versus the measured values for the center, half-radius and periphery of
the disks processed by HPT at RT and 373 K.
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tion between dislocations in the HPT-consolidated Mg–Zn–Y alloys.
In severely deformed microstructures the majority of grain and sub-
grain boundaries are built up from dislocations, therefore their
strengthening contributions can be described by a Taylor-type
equation as pointed out theoretically by Hughes and Hansen [45].
The slight deviation of the yield strength calculated by the Taylor-
equation from the measured values can be attributed to (i) the
hardening contribution of high-angle grain boundaries which do
not consist of dislocations and (ii) the change of a along the disk ra-
dius due to the slight variation of the type of dislocations. Since an
additional term for the direct hardening effect of dispersoids is not
required in Eq. (1), it can be concluded that the quasicrystalline
Mg3YZn6 dispersoids strengthen the material rather indirectly by
increasing the dislocation density due to their pinning effect.

4. Conclusions

Mg95Zn4.3Y0.7 powder produced by gas-atomization was consol-
idated by HPT at RT and 373 K. After studying the microstructure
and the mechanical behavior, the following conclusions can be
drawn.

1. Both the gas-atomized powder and the HPT-processed speci-
mens consisted of an icosahedral Mg3YZn6 phase (I-phase)
besides the a-Mg matrix.

2. The consolidated Mg-alloy disks comprised ultrafine grains
with high density of dislocations resulting in high yield strength
values. The contribution of twinning to plastic deformation dur-
ing HPT was marginal, most probably due to the small grain
size.

3. Both the microstructural parameters and the hardness showed
only a weak dependence on the distance from the center for the
disk processed at 373 K. However, the grain size and the hard-
ness were significantly smaller and higher, respectively, at the
periphery than in the center or half-radius for the disk consoli-
dated at RT.

4. The yield strength obtained experimentally agreed well with
the values calculated from the Taylor-equation indicating
that the quasicrystalline Mg3YZn6 dispersoids strengthen the
material rather indirectly by increasing the dislocation density
due to their pinning effect.
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