
INFLUENCE OF PROCESSING ON MICROSTRUCTURE AND PROPERTIES OF MG ALLOYS

On the Influence of Precipitation on the Dynamic Strain Aging
in Mg-2%Nd
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The Mg-2%Nd alloy, thermally treated at 520�C and quenched, exhibits
plastic instabilities at intermediate temperatures between 100�C and 300�C
when it is compressively tested because of the dynamic strain aging phe-
nomenon caused by the presence of neodymium atoms in solid solution.
During compression tests, there is a competition between the precipitation of
Mg-Nd particles and the DSA phenomenon, which depends largely on the test
temperature. Thus, below 200�C, the formation of neodymium-rich precipi-
tates is slow, and the interaction is insignificant. Under these conditions, the
alloy exhibits a normal behavior of the DSA, i.e., the critical strain decreases
with the increase in the test temperature. However, for test tempera-
tures > 200�C, the formation of neodymium-rich precipitates is faster and the
evolution of the critical strain with temperature is inverted because of the
decrease of neodymium in solid solution.

INTRODUCTION

Portevin–Le Chatelier (PLC) is a kind of dynamic
strain aging (DSA) phenomenon caused by the
interaction between solute (interstitial or substitu-
tional) atoms and mobile dislocations.1 This phe-
nomenon has been referred to in many alloy
systems: Al-based alloys, steels, Ti-based alloys,
Ni-based alloys, Mg-based alloys, etc.2–13 For Mg-
based alloys, the addition of rare earths has special
influence on the appearance of this phenomenon at
intermediate temperatures between 100�C and
250�C.14�23

The DSA phenomenon is detected during the
plastic flow, first because of the presence of a
serrated behavior caused by the temporary locking
of dislocations and twins by the solute atoms and,
second, by the negative strain rate sensitivity (SRS).

The strain in which serrations begins in the defor-
mation curve is defined as critical strain, ec, and
depends strongly on the test temperature as well as
the strain rate.24 On one hand, the increase in the
test temperature promotes solute atom diffusion.
On the other hand, the increase in the strain rate
raises the dislocations speed. As a result, the critical
strain decreases with increase in test temperature
or the decrease in strain rate. However, several
studies reported this behavior in a low temperature
range, but contrary behavior was shown at higher
temperature, i.e., the critical strain increased with
increases of the test temperature.9,25–27 Several
reasons have been proposed to explain the inversion
of the critical strain behavior: the presence of high-
density stacking faults, the process by which dislo-
cations break away from solute atoms or the
simultaneous precipitation phenomenon at the
same temperatures.

The Mg-Nd system exhibits a narrow solubility
field. Thus, the maximum solubility of Nd in Mg is
close to 3.5 wt.% at 552�C but drops to near zero for
temperatures< 200�C, which provides a strong(Received January 8, 2023; accepted March 13, 2023;
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potential for age hardening. The precipitation
sequences of the Mg-Nd system have been widely
described starting at low temperatures.28–32

This paper studies the influence of precipitation
on the DSA phenomenon in a Mg-2%Nd alloy during
compression tests at intermediate temperatures.
For this, the alloy was thermally treated to increase
the solubility of neodymium in Mg to later be aged
at different temperatures. The study has two parts;
in the first, the precipitation reaction was followed
by microhardness measurements. In the second, the
microstructural evolution of the Mg-2%Nd alloy, in
the as-thermal treatment condition, was studied
during compression tests at different temperatures
at different compressive strains to identify the
deformation mechanism. Finally, the interaction
between Nd atoms and Nd-rich precipitates with
dislocations and twins was examined using trans-
mission electron microscopy.

EXPERIMENTAL PROCEDURE

The alloy Mg-2%Nd (wt%) was fabricated using a
casting route. High-purity Mg and a Mg-20%Nd
(wt.%) master alloy were melted at 800�C in an
electric resistance furnace and then cast in a steel
mold. Analysis by ICP-OES technique indicates a
composition of Mg-2.05% Nd in wt.%.

The cast cylinder of 42 mm diameter was homog-
enized and then extruded at 350�C with an extru-
sion ratio of 36:1. The extruded alloy was thermally
treated at 525�C for 8 h (as-TT condition) buried in
magnesium oxide to minimize oxidation and water
quenched. Samples were aged at 150�C, 200�C and
250�C for different times. The aging process was
followed by microhardness measurements applying
a load of 200 g for 15 s in polished samples.

Compressive samples in the as-TT condition were
tested along the extrusion direction in cylinders of
10 mm length and 5 mm diameter. Compressive
tests were carried out at initial strain rate in the
range of 4�10–3–4�10–5 s�1 from room temperature to
300�C.

Scanning and transmission electron microscopy
(SEM and TEM, respectively) and electron
backscattered diffraction (EBSD) technique were
used to characterize the microstructure of the alloy
in the as-cast state, in the as-TT condition and after
compression at different strain and aging states.
Compression samples exhibit cylindrical symmetry
where the perpendicular reference directions in
micrographs and pole figures are: ED/LD (extrusion
direction/load direction) and RD (radial direction).
Notably, the load direction coincides with the extru-
sion axis before the solubilization treatment. Spec-
imens for TEM after deformation were prepared by
electrolytic polishing using a reactive mixture of
5.3 g lithium chloride, 11.2 g magnesium perchlo-
rate, 500 ml methanol and 100 ml butoxy-ethanol at
� 50�C. Two transmission electron microscopes
have been used in this study: a JEOL JEM 2100

microscope operating at 200 kV to analyze disloca-
tion at twins at bright field and weak beam modes
and a JEOL JEM 3000F microscope operating at
300 kV to analyze the formation of precipitation
using the HAADF detector in the STEM mode.

The surface preparation of EBSD samples in
magnesium alloys is delicate, and it is necessary to
perform a final chemical etching in a solution of
7 ml acetic acid, 3 ml nitric acid, 30 ml ethanol and
10 ml water at 5�C submerging the sample 5 s.

Synchrotron diffraction patterns were analyzed in
the annealed samples to investigate the presence
and nature of precipitates on the P07B beamline of
PETRA III (DESY, Hamburg, Germany). The
diffraction patterns were recorded using an expo-
sure time of 2 s and a Perkin-Elmer XRD 1622 flat
panel detector with an array of 20482pixel2, with an
effective pixel size of 200 9 200 lm2. The wave-
length of the beam was 0.014 nm. LaB6 was used as
a reference to calibrate the acquired diffraction
spectra. The detector-to-sample distance was
2059 mm; 2h diffraction patterns were obtained by
azimuthal integration of the Debye–Scherrer rings
along 360� using the FIT2D software.

RESULTS

Microstructure and Thermal Stability

Figure 1a shows the microstructure of the alloy in
the as-cast condition consisting of the magnesium
matrix and Mg41Nd5 phase located at the grain
boundaries and within Mg grains. During extrusion
process, the intermetallic phase is broken and
aligned along the extrusion directions (Fig. 1b).
The volume fraction of the second phase was
estimated, and a value of 3.8% was obtained. Zhang
et al.33 have estimated the volume fraction of
Mg41Nd5 intermetallic phase by experimental mea-
surements and thermodynamic predictions. While
the thermodynamic prediction indicates 4% of vol-
ume fraction very close to the value in this study,
their experimental measurement was around 1%.

During the heat treatment at 525�C, only a
partial solubilization of neodymium occurs and
some equilibrium intermetallic phase remains
(Fig. 1c). Figure 1d shows the orientation image
mappings (OIMs) and the (0002) pole (Fig. 1e)
figure of the alloy in this condition. The grain size
is 187 lm, and grains are randomly oriented.

The effect of the precipitation on the mechanical
strength at room temperature of the alloy has been
evaluated measuring the microhardness variation.
This information will be very useful to identify
mechanical test temperatures where the precipita-
tion process could interact with DSA phenomena.
Figure 2 shows the evolution of hardness as a
function of aging time at 150�C, 200�C and 250�C.
The microhardness value of the alloy in the as-TT
condition is 43. For the three aging temperatures, a
hardness peak of around 63 is visible. The lower the
aging temperature is, the higher the time required
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to reach the hardness peak. Notably, above 200�C,
the hardness increases rapidly. At 200�C, the
hardness value increases up to 56 after 30 min,
and, at 250�C, the hardness value increases up to 60
after 10 min.

The precipitation phenomenon during the aging
at 200�C has been followed using synchrotron
diffraction at different aging times as well as by
TEM, observing samples at the peak-aged (10 h)
and over-aged (300 h) conditions. Figure 3 shows
the diffraction pattern of the alloy aged at 200�C
after different times. The diffraction peaks corre-
sponding to the b1-Mg3Nd phase appear after 72 h
of aging, coinciding with the decrease in hardness
observed in the curve, just after the peak. No
additional peaks are observed for previous
conditions.

Fig. 1. SEM micrograph obtained in back-scattered electron (BSE) contrast showing the microstructure of the Mg-2%Nd. (a) as-cast condition,
(b) extruded, (c) extruded and thermally treated 8 h at 525�C and quenched (as-TT condition). (d) Orientation image mapping (OIM) of the
Mg-2%Nd alloy in the as-TT condition. (e) (0002) pole figures obtained from (d). Extrusion direction is indicated with the white arrow.

Fig. 2. Evolution of the Vickers microhardness of Mg-2%Nd alloy
during aging at 150�C, 200�C and 250�C.

Fig. 3. Synchrotron diffraction patterns of the Mg-2%Nd alloy aged
at 200�C at different aging times.
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Figure 4a, b, and c shows bright-field micro-
graphs of the alloy after 10 and 300 h of aging at
200�C in the zone axis B = [1120]. Small precipi-
tates oriented along the [0002] directions are
observed. These precipitates, in the peak-aged
conditions (10 h), are more clearly observed using
the DHAAF detector (Fig. 4b) because of the higher
neodymium concentration. The length of the pre-
cipitates increases from 10 or 20 nm under peak

aged condition to 200 nm under over-aging condi-
tion. Notably, diffuse streaks along [1010] or [1120]
direction in the peak-aged condition are present
that disappear completely in the over-aging state
(Fig. 4c).

Fig. 4. (a–c) Mg-2%Nd alloy aged at 200�C in the peak-aged
condition. (a) Bright-field TEM micrograph and SAED pattern, B =
1120
� �

zone axis; (b) DHAAF micrograph, B = 1120
� �

zone axis. (c)
Bright-field TEM micrograph and SAED pattern B = 1120

� �
zone

axis.

Fig. 5. (a, b) Compressive behavior of Mg-2%Nd alloy in the as-TT
condition. (a) True stress-true strain curves at initial strain rate of
10–4 s�1 from room temperature to 300�C. (b) Detailed plot of (a)
showing the serrated flow at 100�C, 125�C and 150�C. (The colored
triangle shows the beginning of serrations at 100�C and 125�C). (c)
Evolution of compressive yield stress from room temperature to
300�C.
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Mechanical Properties

Compressive tests at different temperatures
between room temperature and 300�C at an initial
strain rate of 10–4 s�1 of the alloy in the as-TT
condition are shown in Fig. 5a. The true stress-true
strain curves show that the alloy yields at a stress
near 77 MPa and then greatly hardens continually
during the plastic regime up to around 275�C
(Fig. 5b). It is important to note the presence of
the plastic instabilities (serrations) for tempera-
ture > 100�C (see details of Fig. 5b). The beginning
of serration as well as the amplitude of these
serrations depends on the test temperature. The
compressive yield stress of the alloy in the as-TT
condition slightly decreases with the increase in the
test temperature up 100�C (Fig. 5b). Then, it
remains constant up to 200�C around 68 MPa; after
that, it increases continuously with the increase in
the compression temperature. This increase in the
yield stress is directly related to the dynamic
precipitation process during the compression test.

However, it has been demonstrated that the
compressive behavior of the alloy in the as-TT
condition is sensitive to the strain rate, as shown in
Fig. 6. The curves correspond to the compressive
behavior of the alloy at 200�C at different strain
rates, and the stress and strain seem to increase
with decreasing strain rate. The plastic strain at
which the serration appears on the compression
curve is defined as the critical strain, critical strain,
ec.

The critical strain in the DSA phenomenon is
generally described as a function the temperature
and strain rate:34,35

eðmþbÞ
C ¼ K � _e � exp

Q

RT

� �
ð2Þ

where K, m and b are a constant, eÆ is the strain rate,
R is ideal gas constant, T is the temperature, and Q
is the activation energy. Figure 7a shows the evo-
lution of the critical strain as a function of the strain
rate for compressive tests at 150�C, 200�C and
250�C. For 150�C and 200�C, the evolution of the
critical strain follows the normal behavior in which
the critical strain increases with the increase in the
strain rate. However, at 250�C, the evolution of the
critical strain shows an inverse behavior at low
strain rates. The critical strain decreases from the
strain rate from 4 9 10–5 s�1 to 10–4 s�1, but then
the critical strain returns to the normal increases
from 10–4 s�1 to 10–3 s�1. Figure 7b shows the
evolution of the critical strain in logarithm scale
as a function of the strain rate in temperature range

Fig. 6. True stress-true strain compressive curves of the Mg-2%Nd
in the as-TT condition tested at 200�C at initial strain rates from 4.10–5

to 4.10–3 s�1.

Fig. 7. (a, b) Mg-2%Nd in the as-TT condition tested in compression.
(a) Evolution of the critical strain as a function of the initial strain rate
tested at 150�C, 200�C and 250�C. (b) Logarithm of the critical stress
as a function of the initial strain rate for compression at 150�C and
200�C.
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in which normal behavior is observed. A linear
behavior is obtained where the slope is the value of
the constant m + b. Values are 2.3 and 1.1 at 150�C
and 200�C, respectively.

The evolution of the critical strain as a function of
the compression temperatures at 10–4 s�1 is pre-
sented in Fig. 8a. From 100�C to 225�C, the critical
strain follows a normal behavior in which it
decreases with the increase in the test temperature.
However, above this temperature, the critical strain
increases again up to 275�C. Finally, at 300�C, the
critical strain decreases slightly with respect to
275�C. This wavy behavior has been reported
previously by Brechet and Estrin.27 Figure 8b
shows the evolution of the critical strain in loga-
rithmic scale as a function of the 1/T. When the DSA
phenomenon shows a normal behavior, it is
expected to show a linear behavior where the slope
is proportional to the activation energy given by:

Q

mþ bð Þ � R
ð3Þ

It is not possible to obtain a general unique value
for the activation energy for all studied tempera-
tures since the variation of the constant m + b is a
function of temperature (see Fig. 7). A relative
activation energy can be estimated calculating this
value in two separated temperature ranges, 100–
150�C and 175–225�C, using the values reported
before. The activation energy is 85 and 48 kJmol�1,
respectively, for 100–150�C and 175–225�C.

Evolution of Deformed Microstructure

To understand the inverse behavior of the DSA
phenomenon observed above 225�C, the microstruc-
ture of the deformed samples at different macro-
scopic strains has been characterized using SEM
and TEM.

Figure 9a, b, c, d, e, f, g, h, I, j, k, and l shows the
evolution of the orientation image mappings (OIMs)
of the magnesium grains after strains of 2, 6 and
15% (at the end of the tests) at 100�C, 150�C, 200�C
and 250�C at 10–4 s�1 using EBSD. After compres-
sion, twins are clearly observed within the magne-
sium grains. The twin volume fraction increases
with the increase in the compression strain for all
temperatures. However, the twin volume fraction
decreases as the test temperature increases from
100�C to 250�C. As the compression strain
increases, deformation and orientation gradients
within magnesium grains are observed, even in
those grains where twins are generated. These
grain zones with small changes in the lattice
orientation are developed by the accumulation of
dislocations due to their continuous slip. This
accumulation of dislocations induces the formation
of low angle boundaries (white lines in Fig. 10) that
develop inside grains after high deformation
(around 15%), which are indicative of subgrain
formation. These low-angle grain boundaries are
mainly observed in grains oriented with
the< 1010> direction parallel to the normal direc-
tion of the micrograph. The texture of these grains
suggests that they are completely twinned.

TEM samples were prepared after plastic defor-
mation under two temperature conditions, 150�C
and 250�C, and at strain rate of 10–4 s�1 to analyze
the deformed microstructure of the sample in both
DSA cases, normal behavior (100–225�C) and
inverted behavior (225–275�C). Figure 11a and b
shows the weak-beam dark field micrograph
B = [1120] zone axis of the alloy deformed at
150�C up to 2% of strain when the diffractions are
g = [1011] or [0002]. Dislocations are observed
within the magnesium grains in all conditions.
Therefore, the presence of< a>-type dislocations

Fig. 8. (a, b) Mg-2%Nd in the as-TT condition tested in compression.
Logarithm of the critical strain as a function of the (a) compressive
temperature and (b) inverse of the compressive temperature.
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which slip along the basal and non-basal planes
and< a + c>-type dislocations which slip along
the f11�23g planes is expected. Figure 11c and d
shows the SAED patterns at the B = [1010] and
B = [1120] zone axes, respectively. The presence of
diffuse streaks along the [1010] or [1120] directions
are not observed, in contrast to the micrograph in
the peak-age condition already presented in Fig. 4a.
Therefore, the formation of any coherent precipi-
tates is not expected.

Figure 12a shows a bright micrograph of a twin in
the grain of a B = [1120] zone axis when the

diffraction vectors are g = [0002]m and g = [1010]t.
m and t refer to the matrix and twin, respectively.
No dislocations are observed in the parent grain and
outside twins under this diffraction g. However,
when the diffraction vectors are g = [1010]m and
g = [0002]t (Fig. 12c), a high density of straight
dislocations parallel to the basal plane is observed.
These dislocations have the< a> Burgers vector.
On the other hand, inside twins, a high density of
stacking faults throughout the twin width is
observed when g = [0002]t. These I2 basal stacking
faults are reported during plastic deformation,
creep and thermal treatments in magnesium
alloys.36�38 Tomsett and Bevis39 and Wang and
Agnew40 also reported that I2 basal stacking faults
result from the transmutation process of< a> dis-
location into< c + a> dislocation within the
twins. Transmuted< c + a> dislocation is discom-
posed into a< c> dislocation and two Shockley
1/3< 1100 > dislocations (I2 basal stacking faults).

Figure 13a and b shows the bright-field micro-
graphs at the B = [1011] and B = [1120] zone axis of
the alloy deformed at 250�C up to 2% of strain when
the diffraction vector is g = [1011] in both cases.
Like the case of the alloy deformed at lower
temperatures, dislocations are observed within the
magnesium grains. Notably, dislocations exhibit a
wavy shape which can be related with the strong
interaction with small precipitates. This assump-
tion is supported by the diffuse streaks observed in
the SAED patterns along [1010] or [1120] direction

Fig. 9. (a–l) Orientation image mapping (OIM) of Mg-2%Nd in the as-TT condition tested in compression at 10–4 s�1 and compressive strains of
2%, 6% and 15% for the Mg-2%Nd. (a, b, c) 100, (d, e, f) 150, (g, h, i) 200 and (j, k, l) 250�C.

Fig. 10. Detail of the OIM of Mg-2%Nd in the as-TT condition tested
in compression at 100�C at 10–4 s�1 deformed up to 15% of plastic
strain.
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obtained in the [1011], [1010] and [1120] zone axes
(Fig. 13c–e), like those observed in the peak-aged
conditions. Figure 13 shows the nanosize Nd-rich
precipitates using the DHAAF detector in the [1120]
zone axes (Fig. 13f).

On the other hand, Fig. 14a shows a bright-field
micrograph of a twin formed inside a magnesium
grain of the sample deformed at 250�C up to 2%
obtained in the zone axis B = [1120]. Similar to the
materials deformed at low temperature, a high
density of stacking faults throughout the twin width
parallel to the basal plane is observed when the
diffraction vectors are g = [0002]t (Fig. 14a). How-
ever, notably, small precipitates located in the twin
boundaries form (Fig. 14b). Using the DHAAF
detector, it is possible to see nanosized Nd-rich
precipitates not only in the magnesium grains but
also at the twin boundaries (Fig. 14c and d).

DISCUSSION

The thermal treatment of the extruded Mg-2%Nd
at 525�C produces a partial solubilization of neody-
mium atoms within the magnesium matrix.
Because the alloy is out of equilibrium, the precip-
itation of the Mg-Nd phases takes place following a
complex sequence described in several papers.28�32

The early stage of the solid solution decomposition
of these alloys results in the formation of Guinier–
Preston (GP) zones that consist of zig-zag neody-
mium rows with a N, V or hexagonal shape. The
hexagonal GP-rods are commonly defined as b¢¢ and
exhibit a D019 lattice structure. The next step
corresponds to a mixture of two phases formed by
combining the b�-Mg7Nd (orthorhombic structure
a = 0.64 nm, b = 1.1 nm, and c = 0:52 nm) ordering
with the hexagons GP b¢¢. This precipitate mixture
has been recently defined as b¢¢¢. Upon further
aging, b1-Mg3Nd (face-centered cubic structure,
a = 0.74 nm) and b-Mg12Nd (body-centered tetrago-
nal phase a = 1.031 nm and c = 0.593 nm)
metastable phases are developed. The b1-Mg3Nd
phase was observed for longer times in the aging
treatments carried out at 200�C and 250�C (see
Figs. 3 and 4). Finally, the equilibrium phase is the
be-Mg41Nd5 (tetragonal structure, a = 1.469 nm and
c = 1.045 nm), which was observed in the cast alloy
as well as in the TT condition.

In this study we observed that the aging of the
alloy induced an increase in the hardness value in
the temperature range studied in the DSA phe-
nomenon. The hardness peak is related with the
formation of a network of the long-lasting GP-zones
decorated by the b¢-precipitates. Some authors have
defined this mixed precipitation condition as b¢¢¢.32

Therefore, the precipitation reaction is interact-
ing with the DSA phenomenon in two different
directions. On one hand, the formation of neody-
mium-rich precipitates decreases the quantity in
solid solution of neodymium atoms. Therefore, there
are fewer solute atoms that can diffuse to lock
temporary dislocations and twins. On the other
hand, the heterogeneous nucleation of precipitates
on dislocations or twins delays their movements and

Fig. 11. (a–c) Weak beam TEM micrographs and SAED patterns of
the Mg-2%Nd alloy in the as-TT condition tested in compression up
to 2% of plastic deformation at 150 �C. (a) B = 1120

� �
) zone axis,

1011 g vector, (b) B = 1120
� �

zone axis, 0002 g vector, (c) B =
1010
� �

zoneaxis and (d) B = 1120
� �

zone axis.
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facilities the diffusion of neodymium to lock them
temporarily. This competition between precipitation
and DSA depends strongly on the test temperature.

Below 200�C, the yield stress remained constant.
From this temperature up to 300�C, the yield stress
increased continuously up to a higher value than at
room temperature, even because the test tempera-
ture increased. It would be expected that yield
stress decreases continuously with the test temper-
ature as it does in most magnesium alloys. There-
fore, the precipitation phenomenon caused this
in situ hardening of the alloys. At low temperatures,
precipitation of neodymium-rich precipitates is also
occurring, especially in GP zones. However, the
time required for their formation is much longer
than the time used to perform the compression test.
Thus, the alloy aged at 150�C showed a hardness
peak, but it took an hour of annealing at least to
increase the hardness slightly. However, during the
compression test at 150�C of the alloy in the as-TT
condition, the presence of precipitates interaction
with both dislocations and twins was not observed,
as was presented at 250�C.

The precipitation phenomenon explains the inver-
sion of the DSA behavior for temperatures > 200�C.
The homogeneous precipitation of b¢¢¢ reduces the
content of neodymium solute atoms in the magne-
sium matrix that can lock dislocations and twins.
The exponent of the critical strain also showed a
different value as the compression temperature in
the normal behavior zone. At low temperature, the
m + b value is similar to that observed in other Mg-
RE alloys,14–23 which is between 3 and 2. However,
at high temperature, when precipitation interacts
with the DSA phenomenon, that value decreases to
a value near 1. The initial model proposed by
McCormick,24 in which DSA is controlled by vacan-
cies produced during deformation, associates con-
stant parameters m and b with the quantification of
vacancy and dislocation generation, respectively.
However, more recent studies35 propose that the
mechanism that controls the strain aging is the
solute diffusion along forest dislocations pipes,
which intersect the mobile dislocation segment. In
that case, b still defines the rate of increase in
density of both mobile and forest dislocation

Fig. 12. (a) Bright-field TEM micrograph and SAED pattern of the Mg-2%Nd alloy in the as-TT condition tested in compression up to 2% of plastic
deformation at 150�C. B = 1120

� �
zone axis), 0002 g vector; (b) detail of (a), 0002 g vector; (c) detail of (a) 1010 g vector.
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segments but m has no clear meaning. In any case,
the decrease in both constants near 1 is rarely
reported in magnesium alloys. In the Mg-10%Ag
alloy, Chaturvedi and Lloyd41 obtained values of

m + b between 1.36 and 1.58. Authors proposed that
these low values are due to the activation of only the
basal slip system. However, the TEM analysis in
this study has showed that non-basal slip system as
well as tensile twinning is activated at intermediate
temperature. On the other hand, Chavez et al.42

obtained values near 1 and proposed that these
values are connected with the activation of the
twinning system. EBSD maps indicated the activa-
tion of tensile twinning. However, the volume
fraction of twins decreases with the increase of the
compression temperature. Therefore, the decreases
in the m + b values could be connected with the
decreases in the solute concentration in the magne-
sium matrix.

For temperature > 200�C, the formation of neo-
dymium-rich precipitates is faster and solute con-
centration is lower than at lower compression
temperatures causing an increase in the critical
strain because of the enhancement of diffusion of
neodymium atoms. This fact causes the inverse
behavior of the critical strain.

CONCLUSION

The influence of precipitation on the DSA phe-
nomenon in the as-TT Mg-2%Nd alloy has been
studied during compression tests at intermediate
temperatures by a detailed analysis of the
microstructure in the deformed samples. The fol-
lowing conclusions have been drawn:

1. The alloy in the as-TT condition exhibits flow
serrations under compression tests in the tem-
perature range of 100–300 �C. These plastic
instabilities are associated with the DSA phe-
nomenon because of the interaction of neody-
mium atoms with dislocations and twins.

2. The precipitation of GP zones and b¢¢¢ takes
place during the compression tests at interme-
diate temperature, which induces a hardening of
the alloy above 200�C. Above this temperature,
the precipitates also nucleate at dislocations and
twin boundaries.

3. Below 200�C, the onset of the serrated flow
(critical strain) in the alloy showed normal
behavior such that the critical strain decreases
with increasing compression temperature or
decreasing strain rate. However, above 200�C,
this behavior is reversed because of the precip-
itation of neodymium-rich precipitates, which
decreases the number of neodymium atoms
dissolved in the Mg matrix available to partic-
ipate in the blocking phenomenon.

Fig. 13. (a–f) Bright-field TEM micrograph of the Mg-2%Nd alloy in
the as-TT condition tested in compression up to 2% of plastic
deformation at 250 �C at the (a) B = [1011] and (b) B = [1120] zones
axes (1011 g vectors). SAED patterns obtained at (c) B = [1011], (d)
B = [1010], (e) B = [1120] zone axis. (f) DHAAF micrograph and
SAED pattern, B = 1120

� �
zone axis.
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