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ABSTRACT: The Mg-6%Gd-1%Zn alloy exhibits flow serrations when strained at intermediate temperatures
due to the dynamic strain ageing phenomenon. Such flow serrations during deformation need the simultane-
ous and competitive movement of diffusing solutes and mobile dislocations. Although the alloy examined has
a random texture, tension-compression asymmetry and significantly greater yield stress and work hardening in
compression than in tension have been observed. During deformation at intermediate temperatures, and inde-
pendently of the nature of the stress (tension or compression), the activation of <a>-dislocations and tensile
twin systems has been observed. The volume fraction of twins is always higher, however, in the case of com-
pression testing. At the intermediate temperatures where flow serrations are observed, Gd and Zn atoms pin
dislocations as well as twins. Above 250 °C, the flow serrations disappear and y" and y"" precipitates form in the
basal plane which increase work hardening.
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RESUMEN: Evolucion microestructural y envejecimiento dinamico por deformacion en la aleacion Mg-6%6Gd-
1%Zn durante ensayos a traccion y compresion a temperaturas intermedias. La aleacion Mg-6%Gd-1%Zn muestra
el fendomeno de serrado durante la deformacion a temperaturas intermedias debido al proceso de envejecimiento
dinamico provocado por la presencia de atomos de soluto en solucién solida y dislocaciones moviles. Aunque
la aleacion tiene una textura al azar, se observa un comportamiento diferente en traccion y en compresion. El
limite elastico y el endurecimiento es mayor cuando la aleacion se ensaya en compresion. Durante la defor-
macion a temperaturas intermedias se ha observado la activacion de dislocaciones tipo <a>y maclas de tension,
independientemente del signo de la carga. Sin embargo, la fraccion en volumen de maclas es siempre mayor
cuando el material se somete a compresion. A temperaturas intermedias, los atomos de Gd y Zn anclan tanto
las dislocaciones como las maclas. Por encima de 250 °C, el fendomeno de serrado desaparece y la presencia de
precipitados g” y g”” en el plano basal aumenta el endurecimiento.
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1. INTRODUCTION

The addition of rare earth (RE) elements to
magnesium overcomes some of the weaknesses that
prevent the increased use of magnesium alloys as a
structural material in the transport and aerospace
industries. The mechanical strength and creep resis-
tance of magnesium alloys containing RE elements
are superior to those of present commercial systems
due to the formation of thermally stable precipi-
tates (He et al., 2007; Zhu et al., 2010; Yuan et al.,
2013; Wang et al., 2015; Gavras et al., 2016). The
addition of rare earths elements can also improve
the formability of magnesium alloys due to the ran-
domization of the crystallographic texture (Ball and
Prangnell, 1994; Stanford et al, 2008; Hantzsche
et al., 2010; Griffiths, 2015) and the changes of the
relative CRSSs induced by these elements (Herrera-
Solaz, 2014; Hidalgo-Manrique et al., 2017).

During plastic deformation at intermediate
temperatures (100-250 °C), several binary and ter-
nary magnesium alloys containing RE elements
exhibit serrated flow (also known as the Portevin—
Le Chatelier effect) (Couling, 1959; Zhu and Nie,
2004; Zhongjun et al., 2007; Fang et al., 2009; Gao
et al., 2009; Stanford et al., 2010; Jiang et al., 2011;
Wu et al., 2012; Yuan et al., 2013; Cai et al., 2014;
Garcés et al., 2015). Different explanations of this
have been proposed depending on the strain rate
of the mechanical tests. On one hand, the dynamic
interaction between dislocations and diffusing sol-
ute atoms, known as dynamic strain ageing (DSA),
is commonly accepted to explain the serrations
observed at low strain rates. On the other hand,
at high strain rates, the appearance of serrations
has been related to the shearing of precipitates by
dislocations.

DSA in magnesium alloys has mostly been stud-
ied during tensile testing. Serrated flow has also
been reported, however, for other kinds of mechani-
cal tests, such as compression and torsion test-
ing (Christodoulou et al., 2002; Humphreys et al.,
2003). Moreover, the influence of other types of
deformation mechanism, such as twinning, on DSA
has hardly been examined. Of special relevance
may be the interaction between RE atoms and
twins, since it is known that RE atoms segregate to
twin boundaries during static thermal treatments
of deformed samples (Nie et al, 2013; Zhu et al.,
2017; Zhu et al., 2018). Such segregation induces a
strong pinning effect on twin boundaries, prevent-
ing further twin growth during subsequent loading
(Nie et al., 2013). In a similar way, Somekawa et al.
(2017) also observed that the segregation of yttrium
to twin boundaries led to a decrease in the damping
capacity of binary Mg-Y alloys.

The present paper studies the DSA phenomenon
in Mg-6%Gd-1%Zn alloy during both tension and
compression testing at intermediate temperatures.

The microstructural evolution of solutionised alloy
during tension and compression tests at 200 °C is
analyzed at different strain levels to identify the
deformation mechanism for each loading mode.
Finally, the interaction between RE atoms and both
dislocations and twins is examined using transmis-
sion electron microscopy.

2. MATERIALS AND EXPERIMENTAL
PROCEDURE

The Mg-6%Gd-1%Zn (wt.%) alloy, named
GZ61, was fabricated by casting. High purity Mg
and Zn, and a Mg-20%Gd (wt.%) master alloy were
melted at 800 °C in an electric resistance furnace
and then cast by pouring the liquid into a cylindrical
steel mould. The 42 mm diameter cast cylinder was
homogenized at 350 °C for 24 h and subsequently
extruded at 400 °C at an extrusion ratio of 36:1.

Cylindrical specimens of gauge diameter 3 mm
and length in the gauge section 10 mm (for tensile
testing) and 8 mm length and 4 mm diameter (for
compressive testing) were machined from the extru-
sion bars for testing always along the extrusion
direction. Machined samples were solutionised at
500 °C for 24 h, buried in magnesium oxide powder
to minimize oxidation.

Both tensile and compressive tests were carried
out at initial strain rate of 4x10™* s™' from room
temperature to 300 °C. At 200 °C, additional tensile
and compressive tests were performed changing the
strain rate during the test from 107 to 10™*s™".

Scanning electron microscopy (SEM), using an
instrument equipped for the electron backscattered
diffraction (EBSD) technique, and transmission
electron microscopy (TEM) were used to character-
ize the microstructure and evaluate the texture of
the material in both the as-solutionised state and
after tensile and compressive deformation. For these
studies a JSM 6500F scanning electron microscope
working at 20 kV and a JEM 2010 transmission
electron microscope working at 200 kV were used.
The samples all have cylindrical symmetry with the
perpendicular reference directions: LD (loading
direction) and RD (radial direction). It is important
to remember that the loading direction coincides
with the extrusion axis. Specimens for TEM were
prepared by electrolytic polishing using a mixture of
25% nitric acid and 75% methanol at -30 °C and a
voltage of 20 V. The surface preparation of magne-
sium alloy samples for EBSD is particularly delicate
and requires a final chemical etch (Keshavarz and
Barnett, 2006).

In-situ synchrotron diffraction experiments were
carried out to evaluate the evolution of the inter-
nal strains during the DSA phenomenon using the
P07 beam line of PETRA III (DESY, Hamburg,
Germany). Cylinders of d = 5 mm of diameter
and / = 10 mm in length were deformed in a Bihr
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805A/D dilatometer at 200 °C at a strain rate of
10~ s7'. The temperature was measured using a
thermocouple welded to the sample, with the com-
pression test performed under argon flow to mini-
mize oxidation. The synchrotron radiation beam
was positioned at the center of the sample with the
gauge volume defined approximately by the beam
section (1x1 mm?) and the cylinder diameter. The
diffraction patterns were recorded using an expo-
sure time of 0.5 s by a Perkin-Elmer XRD 1622 flat
panel detector with an array of 2048 pixels, with an
effective pixel size of 200%200 um”. The wavelength
of the beam was 0.0124 nm (100 kV). LaB; was
used as a reference to calibrate the acquired diffrac-
tion spectra. The detector-to-sample distance was
1789 mm. 26 diffraction patterns were obtained by
azimuthal integration of the Debye-Scherrer rings
about *+5° in the axial and radial direction. FIT2D
software was used to analyse diffraction peaks using
a Gaussian function to obtain the position of the
diffraction peak as well as its integrated intensity.
The elastic strain for each orientation can be calcu-
lated by the shift in the position of the diffraction
peak, as:

d,, —d
g, =~ ot (1)

d(),hkl

Where d);; and d, ;;, are the planar spacing of the
hkl plane in the stressed and stress-free crystal. It
is assumed that there is no residual stress before
the compression tests and, therefore, d,,; can be
considered as d,,; at 0 MPa. The lattice spacing
and the diffraction angle 6 are related through
Bragg’s law:

A
d, =— 2
i 2sind,,, @

3. RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the solu-
tionised GZ61 material. Grains are equiaxed and
randomly oriented (Fig. 1b) with a mean grain size
of 120 mm. No second phases were observed, such
that the gadolinium and zinc are in solid solution in
the magnesium matrix.

Tensile and compressive curves at temperatures
between room temperature and 300 °C are shown
in Fig. 2 (a-b). In tension, the alloy yields at a stress
near 100 MPa, and then rapidly hardens during
plastic straining up to around 250 MPa. In com-
pression, the behaviour is similar but the yield stress
and the work-hardening are greater than in tension.
Disregarding the sense of the applied load, the yield
stress is seen to decrease slightly as the test tempera-
ture increases from room temperature to 100 °C,
and then remains almost constant up to 300 °C
(Fig. 2c¢). Mechanical tests carried out at tempera-
tures between 125 and 200 °C showed flow serra-
tions. Figure 2d shows tension and compression
tests at 200 °C in which the strain rate was changed
from 10~ to 107 s™'. Negative strain rate sensitivity
is always found, with the flow stress during the test
increasing when the strain rate is decreased, and vice
versa. This effect is typical of the DSA phenome-
non. It is difficult to identify the beginning of serra-
tions in the tension/compression curves because the
magnitude of the stress drop is initially very low. For
an easy comparison, Fig. 3 shows, separately, ten-
sion and compression tests at temperatures where
fluctuations are observed (125-250 °C). Serration
shape and magnitude depend on the test tempera-
ture, strain level and stress sign (tension or com-
pression). Between 125 and 200 °C and at a strain
rate of 4x107* s7', the stress amplitude of serra-
tion increases with increasing test temperature. At
250 °C, however, the serrations are less pronounced
than at 200 °C. Moreover, comparing tension and
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FIGURE 1. a) Orientation Image Map (OIM) of the GZ61 alloy after solution treatment; and
b) (0002) pole figure obtained from EBSD of the GZ61 alloy.
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compression tests, the serration amplitude (in both
stress and strain) is higher in tension (see Fig. 3f)
than in compression. At 250 °C, the work hardening
of the alloy after yielding is greater than for lower
temperatures (except for room temperature test-
ing), and independent of the stress sign. At 300 °C,
however, in both tension and compression tests, the
work-hardening and the maximum stress decrease
markedly (see Fig. 2).

To understand the influence of the stress sign,
tension or compression, on serrations, the micro-
structure and texture of the alloy have been stud-
ied in detail during plastic deformation at 200 °C
using SEM and TEM. This test temperature was
selected since the serration amplitude is the great-
est during tensile and compressive testing (Fig. 3f).
Figure 4 shows the evolution of the Orientation
Image Mappings (OIMs) of the magnesium grains
after strains of 2, 6, and 11%, and at the end of
testing. The corresponding (0002) pole figures are
also showed in Fig. 5. In general, for all strains,
twins are clearly observed in tension and compres-
sion tests, although the volume fraction of twins is
always higher in the compressed samples. Capek
et al. (2017) have recently calculated the fraction of

grains having a particular Schmid factor for exten-
sion twinning in a polycrystalline magnesium alloy
with random texture. The fraction of grains with
high Schmid factor (between 0.4 and 0.5) is twice
as high when the alloy is tested under compression.
This conclusion agrees with the experimental obser-
vations here, i.e. a much higher volume fraction of
twinned grains after compression testing.

The activation of tension twinning results in a
rapid hardening after yielding (Kelley and Hosford,
1968; Capek et al., 2017) which has usually been
attributed to two effects. On the one hand, there
is a composite strengthening effect associated with
the reorientation of the twin from a soft to a hard
orientation that inhibits the activation of either
basal slip or tensile twinning (Reed-Hill, 1973). On
the other hand, twin boundaries act as additional
obstacles to subsequent slip and twinning deforma-
tion (Karaman ez al., 2000). Recently, El Kadiri and
Oppedal (2010) proposed that the hardening is also
related to a rapid increase in the dislocation density
inside twins.

Above 6 % plastic strain, deformation and orienta-
tion gradients are observed within the grains, especially
in grains where twins are not seen. These twin-free
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FIGURE 3. Tension and compression curves for the GZ61 alloy at a strain rate of 4x107* s

at (a, b) 125 °C, (c, d) 150 °C, (e, f) 200 °C and (g, h) 250 °C.
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FIGURE 4. a) Orientation Image Map (OIM) of the GZ61 alloy at plastic strains of 2%, 6%, 11% and 20% in (a, c, e, g) tension and
(b, d, £, h) compression. Load direction is marked for the case of 2% plastic strains and is the same for all other strain levels.
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FIGURE 5.

(0002) pole figure of the GZ61 alloy
at 2%, 6%, 11% and 20% plastic strain in (a, c, e, g)
tension and (b, d, f, h) compression.

grains deform by dislocation slip. This situation is also
noticed in the (0002) pole figures (Fig. 5), where grain
orientations are more widely spread, compared to the
initial material (Fig. 1b), as the plastic strain increases.
Low angle boundaries (white lines in Fig. 4) develop
inside these grains at higher strain levels, as subgrains
form. Moreover, many grains become oriented paral-
lel to the stress direction, indicating that deformation
is proceeding through the activation of basal slip (see
Fig. 5d). This behaviour is not found in compressed
samples (see Fig. Sh). In this case, most of the grains are
perpendicular to the loading direction (LD) as a result
of massive amounts of twinning. Figure 6 shows a
detail of the twin boundaries in the sample tested to 6%
plastic strain. For both tension and compression tests,

the twinning system is the tensile {1012}<1011>system
which induces a rotation of 86° of the basal plane with
respect to basal planes in parent grains (Fig. 6 e-f). Such
tensile twinning is, in fact, the most common deforma-
tion twinning system reported in magnesium alloys.

The evolution of the internal strains has been
evaluated using in-situ synchrotron radiation dif-
fraction (SRD) durlng a compresswn test at 200 °C
at a strain rate of 107 s™': these are the same test
parameters as for the samples analysed in Figs. 4-6.
Figure 7a shows the Debye-Scherrer rings obtained
before the compression test. After integration of the
diffraction patterns as a function of 26 are obtained
(Fig. 7b). Owing to the random texture of the mate-
rial, shown in Fig. 1b, the diffraction peak corre-
sponding to the {1011} planes exhibits the highest
intensity when analysed in the axial direction. After
compression testing, the intensity of the diffraction
peaks changes significantly (Fig.7c) in agreement
with the pole figures of Fig. 5. The intensity of the
(0002) diffraction peak has now strongly increased in
the axial direction.

Changes in the interplanar spacing were evalu-

ated for the {0002}, {1011} and {1012} diffraction
peaks of the magnesium phase using equation 1
(Fig. 8a). The engineering stress-strain compression
curve obtained during the diffraction experiment is
also plotted, where serrated flow is clearly observed
after yielding. This allows an easy comparison of
overall sample strains and specific-planar strains.
Fig. 8b shows the integrated intensity of the (0002)
diffraction peak along the axial direction as a func-
tion of the applied stress. The evolution of the
intensity of this (0002) diffraction peak can be used
to give information about the activation of tensile
twinning (Gharghouri et al., 1999).

The evolution of the elastic strain of each fam-
ily of grains exhibits a linear behavior until yield-
ing of the particular family. The family of grains
responsible for the beginning of macroscopic plas-
ticity of the material is identified when the stress of
the loss of elastic strain linearity (for the particular
family) corresponds to the macroscopic yield stress.
The macroscopic yield stress (defined as 0.2% of
plastic deformation) during the in situ test is near
100 MPa, which agrees with the value estimated
from the stress-strain curve in Fig. 2. At this stress,
the internal strain corresponding to the (0002) dif-
fraction peak loses its linearity and subsequently
decreases (in absolute terms) in value. This inflexion
in the elastic strain of the (0002) peak is related to
a relaxation process during the initial stage of twin-
ning (Garcés et al., 2012a). Grains oriented with the
basal plane perpendicular to the radial direction are
under tension in the elastic regime. The formation
of a “tensile” twin induces a rotation of 86° of the
basal plane. It appears that the (0002) twins, per-
pendicular to the axial direction, which are initially
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(a) Tension (b) Compression

FIGURE 6. Orientation Image Maps (OIM) and {1012} tensile twinning boundaries of the GZ61 alloy at 6% plastic
strain in a, ¢) tension and b, d) compression. (0002) pole figure showing the rotation between the twin
and the parent grain after e) tension and f) compression testing.

under tension require some relaxation time before of 125 MPa, the elastic strain of the (0002) peak

adopting the compression load (Garcés et al, decreases again rapidly to reach 175 MPa. Beyond
2012a). After further straining to reach a stress this stress, the elastic strain shows little further
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a) Synchrotron diffraction pattern recorded on the 2D detector obtained at 200 °C before compression; and

b) Axial and c) radial diffraction patterns obtained from a) before compression.
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{1011} and {1012} diffraction peaks of the magnesium phase
and macroscopic strain as a function of the applied stress;
and b) Integrated intensity of the (0002) diffraction peak
as a function of the applied stress.

change. Accompanying these changes of elastic
strains, the intensity of the (0002) diffraction peak
increases above the macroscopic yield stress, due to
the formation and growth of twins.

It is interesting to point out that, for some dif-
fraction peaks, the applied stress dependence of
elastic strains loses linearity before reaching the
macroscopic yield. This observation is usually
related to micro-yielding (Agnew et al., 2006; Garcés
et al., 2009). Grains with {1012} and {1011} planes
perpendicular to the compression/axial axis deviate
from linearity near a stress of 20 MPa. While these
grains are favorably oriented for the easy activation
of basal slip, it seems that these grains do not con-
trol macro-plasticity.

It should be noted that the internal strains and
intensity seen in Fig. 8 exhibit fluctuations after
macroscopic yielding. This is not common in previ-
ously published studies (Clausen et al., 2008; Agnew
et al., 2013; Lentz et al., 2015; Kada et al., 2016).
These fluctuations are therefore believed to be
related to the DSA phenomena, with the increase in
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FIGURE 9. a) Bright field TEM images of the GZ61 alloy
after tension testing to 2% plastic strain at 200 °C (zone axis B=
[1120]). Weak beam images of the the GZ61 alloy after tension

testing to 2% plastic strain at 200 °C (zone axis B=[1120])

with the b) 0002 and c¢) 1011 g vectors excited, respectively. d)
Detail of dislocation structures in weak beam image (B=[1120]
and g=1011). e) Detail of a twin after 2% of plastic strain in
tension (B=[1120]and g=0002).

the volume fraction of twins taking place in “jumps”
instead of continuously.

TEM samples were also examined at different
strain levels, imposed in both tension and compres-
sion, to determine the deformation mechanisms
occurring in the GZ61 material at intermediate tem-
peratures. Figure 9a, shows the bright field image
at the B=[1120] zone axis of the alloy deformed in
tension up to 2% strain. Dislocations and twins are
observed within the magnesium grains. Analysis of
these dislocation shows that they are invisible when
the diffraction vector is g=[0002] and visible when
the diffraction vectors are g=[1011] or [1010] (Fig. 9
b-c, respectively). Therefore, it is expected that the
Burgers vector of these dislocation is <a>-type.
Moreover, dislocations are parallel to the [0002] and
[1010] directions, such that it can be deduced that the
slip of <a> dislocations occurs on both basal and
non-basal planes during plastic deformation. These
two kinds of dislocations interact, and are respon-
sible for the DSA phenomenon due to dislocation
locking by RE atoms. At higher magnification,
the <a> dislocations are seen not to be straight, but

FIGURE 10. a) Bright field TEM images and SADP of the
GZ61 alloy after compression testing to 6% plastic strain at
200 °C (B=[1120]); and b) White arrows show detail of a twin
(zone axis of the matrix B=[1120]).

exhibit a wavy shape due to pinning of gadolinium
atoms (Fig. 9d). Such interaction of RE atoms with
dislocations promotes DSA since this leads to the
temporary pinning of mobile dislocations.

Within twins, dislocations and basal stacking
faults are also observed (Fig. 9¢). Such stacking
faults have been reported in Mg-RE-Zn alloys fol-
lowing thermal treatments and creep (Garcés et al.,
2012b; Zhu et al., 2012) and are due to diffusion of
RE and Zn atoms to faults produced by the slip of
Shockley partial dislocations. Tomsett and Bevis
(1969) and Wang and Agnew (2016) also reported
that I, basal stacking faults result from the transmu-
tation of <a> dislocations into <c+a> dislocations
within the twins. The transmuted <c+a> disloca-
tion discomposes into a <c¢> dislocation and two
Shockley 1/3<1100> dislocations (which produce
the I, basal stacking faults). The absence of stack-
ing faults in the parent grains deformed at 200 °C
may lend support to this argument.

Figure 10 (a-b) shows the microstructure of a
sample compressed to 6%, imaged in the B=[1120]
zone axis. Similar to the tensile samples, disloca-
tions and twins are observed within magnesium
grains. The selected area diffraction pattern (SAED)
(Fig. 10a) clearly reveals the rotation of the crystal
lattice in the twins, in agreement with the EBSD
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maps of Fig. 6. The {1012} twin boundary is fac-
eted (see white arrows in Fig. 10b). This kind of fac-
eted boundary has previously been reported as the
basal-prismatic interface (Tu and Zhang, 2016). The
size of these steps is around 50 nm, larger than those
observed in other magnesium alloys. It is possible
that the presence of RE and Zn atoms has an influ-
ence on twin growth. Nie ef al. (2008) have dem-
onstrated that there is segregation of gadolinium
and zinc atoms to twin boundaries in compressed
samples following static thermal treatments. Such
segregation during straining would induce strong
pinning of twin boundaries and inhibit twin growth.
When DSA is observed during mechanical testing
near 200 °C, the segregation process is dynamic or
oscillatory, and the drag effect against twin bound-
ary growth may be more heterogeneous than in the
work of Nie et al. (2008).

During tension and compression testing at
250 °C, plate-shape particles precipitate on the basal
plane of the magnesium grain in twins and in parent
grains (Fig. 11 a-b). The diffuse streaks observed in
SAD patterns along the [0002] direction are due to
the high aspect ratio of the precipitates along the
basal plane. The formation of g'" and g” precipitates
in Mg-6%Gd-1%2Zn-0.6%Zr alloy after annealing at
250 °C has been reported (Nie et al., 2008; Li et al.,
2016). These precipitates are believed to have devel-
oped after twinning. If precipitates were generated
before twinning, the misorientation between precip-
itates in the twinned and untwined areas would be

FIGURE 11. a, b) Bright field TEM images and SADP of the
GZ61 alloy after tension testing to 2% plastic strain at 250 °C
(B=[1120]); ¢) Bright field TEM images and SADP of the
GZ61 alloy after tension testing to 2% plastic strain at 300 °C
(B=[1120]); d) Detail of precipitates (B=[1120]and g=0002); e)
HRTEM of y"" and " precipitates (B=[1120]).

3.2 degrees (Geng et al., 2011) with the twin engulf-
ing the precipitate. Figure 11b shows that the orien-
tation difference between precipitates in the twinned
and untwinned area is 86 degrees, consistent with
the post-twinning appearance of precipitates.

The presence of these precipitates is connected
with the increase in the work hardening observed in
the tension and compression tests at 250 °C. Geng
et al. (2011) reported that the hardening that results
from the formation of 7y’ precipitates is small at
room temperature. At intermediate temperatures,
however, the addition of small amounts of Zn
improve the creep resistance of Mg-6Gd (Nie et al.,
2005), associated with the formation of a dense and
uniform distribution of basal precipitate plates that
are not found in the binary alloy.

Above 250 °C, the flow stress serrations disap-
pear. Following the formation of ¥y and y” precipi-
tates, the Gd content dissolved in the magnesium
matrix is reduced and the remaining Gd atoms are
not sufficiently effective to lock either dislocations
or twins. At 300 °C, y"” precipitates, which are more
effective for mechanical strengthening, transform
to v~ which also grow along the [0002] direction
(Fig. 9 c-e). The temperature is also sufficiently high
for other deformation modes, notably dislocation
climb, to occur such that strengthening is lost.

4. CONCLUSIONS

The evolution of microstructure in Mg-6%Gd-
1%Zn during tension and compression tests at inter-
mediate temperatures has been studied by SEM and
TEM to explain the flow stress serrations observed
during testing. The following conclusions have been
drawn:

— The alloy presents flow serrations during ten-
sion and compression testing in the temperature
range of 125-200 °C, which is related to the
DSA phenomenon.

—  Flow serrations are sensitive to the sign of the
stress, tension or compression, and to the strain
rate at the given temperature. The different activ-
ity of the deformation mechanisms, dislocation
slip and twinning, in the alloy during straining
at intermediate temperatures is responsible for
this behavior.

—  Solute atoms interact strongly with, and segre-
gate to, both dislocations and twin boundaries.
This leads to fluctuations in the evolution of
the internal elastic strains during straining, as
pinning-unpinning processes occur.

— Above 250 °C, the flow stress serrations dis-
appear and g” and g’ precipitates form in the
basal plane. Such precipitation induces a strong
work hardening during plastic deformation at
250 °C.
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