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MICROSTRUCTURE AND TEXTURE CHANGES OF MgLiAl ALLOYS COMPOSED OF a OR a + # PHASES
AFTER TWIST CHANNEL ANGULAR PRESSING TCAP

Two MgLiAl alloys of composition 4.5% Li and 1.5% Al (in wt.%) composed of a phase and of 9% Li, 1.5% Al composed of
a (hep) + f (bee) phases were subjected to twist channel angular pressing (TCAP) deformation. Such deformation of a + £ alloys
caused less effective grain refinement than that of single a phase alloy. However, with increasing number of passes, grain size of
single a phase alloy increased and that of § phase in two phase a + f alloy also grew, which suggested the effect of dynamic recrys-
tallization. TEM studies allowed identifying particles of Li,MgAl phase of size of few um. {001}<100> texture was observed in
extruded alloy. Texture studies of extruded and TCAPed single phase hcp alloy indicated texture with {1010} plane perpendicular to
the extrusion direction and {0002} plane parallel to the extrusion direction. Duplex a + f alloys showed poor texture development.

Keywords: MgLiAl alloys; twist channel angular pressing TCAP, texture after TCAP, Li,MgAl precipitates

1. Introduction

Mg-Li alloys show improved formability through the acti-
vation of non-basal slip systems [1], particularly the prismatic
slip as confirmed by texture studies [2]. Duplex Mg-Li alloys
deformed at low rolling deformation revealed strong basal texture
{0002} <1100> with the basal poles rotated around £25° from
the normal direction ND towards the rolling direction RD with
the dominant {1122} <1321> component in the a phase. Both,
basal texture {0002} <1100> and pyramidal component {1122}
<1321> strengthened with the increasing reduction of sample
thickness, while the tendency for the basal poles to rotate from
the ND diminished. Similar observation was reported in [3]. It
showed the deviation of the {1011} and {1120} planes from
the extrusion axis towards the horizontal plane. In the extruded
[ phase, the {100} planes were tilted approx. 13°-70° from the di-
rection parallel to extrusion one towards the transverse direction
and the {110} planes were often perpendicular to the extrusion
direction. The addition of Li hindered the activation of {1012}
<1100> tension twinning; however the addition of aluminum
decreased the resistance to that phenomenon [4]. The texture of
the bee S phase was dominated by the cubic {001}<100> com-
ponent [2] and the fiber texture component (<110>//rolling direc-
tion) was very strong after 90% deformation by rolling at room
temperature. However, there is evidence that the ¢ fiber ({111}//
rolling plane) weakened with increasing rolling strain to give
a peak-like texture centered at {111} <110> crystallographic ori-

entation [4]. The cubic texture disappeared in the f phase of the
two phase alloy, replaced by the {011}<100> and {113}<332>
components. Authors suggested that the strength of single hex-
agonal a phase alloys could be further improved by grain refine-
ment, which was an important concept, since the other common
strengthening methods, like texture control and alloying, might
not be effective in that case [5]. The preferred orientations for
the Mg-rich a-phase of the extruded Mg10.3Li2.4A10.7Zn alloy
were the {0001} basal planes parallel to the transverse direction
and the {1120} prismatic planes parallel to the normal direction
[6]. Since the tensile direction during tensile tests is parallel to
the basal plane, basal slip — as well as the deformation twins —
will barely be present during these tests and will not contribute
to the obtained ductility. It has been reported, that the addition
of Li in the Mg-Li alloys to form a solid solution in the Mg
matrix will decrease the length of the c-axis and thus lead to
a reduction in the ¢/a ratio. This phenomenon helps to suppress
the basal slip but promotes the prismatic slip [7]. Agnew et al.
[8] indicated that Li additions may lower the non-basal stacking
fault energy of the glissile dislocations and increase the stability
of'the glissile configuration. Since the pyramidal slip mode offers
five independent slip systems, it provides an explanation for the
improved ductility of Mg-Li alloy [6]. Two phase alloys show
generally much better plasticity [9-12] and Mg8Li alloy shows
excellent superplastic properties after equal channel angular
pressing at 473 K and the strain rate 10~ s™!, with the strain rate
sensitivity coefficient oscillating between 0.4-0.6 [9]. ECAP
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processing at higher Li content with the £ bee structure have
shown the substantial refinement of grains down to 200 nm and
the existence of MgLiAl, precipitates due to the Al addition [9].
A very effective method of grain refinement by the high pressure
torsion (HPT) was applied to the Mg8Li alloy, leading to grain
refinement to the average size of 500 nm [11] and superplastic
deformation ability already at 50°C or higher. A near Burgers
orientation relationship was observed between the two phases,
i.e. [0001]a || [011]8 and (1100)a || (211)f with an additional
~0.5° rotation of the bce lattice around the [0001] o axis, ex-
plained by the transformation-induced increase of stress [12].
The texture evolution in a duplex Mg-Li alloy was studied in
[13]. The results indicated the deformation mode transition of
the hexagonal-close-packed (hcp) o phase from the basal slip to
the pyramidal slip during hot-rolling to 40% of thickness reduc-
tion. The elongation to failure in tensile testing increased with
decreasing extrusion temperature, while the ductility grew from
low values in the as cast state, to high ones after the extrusion
and ECAP. In the specimen cold-rolled with 80% reduction of
thickness, strong X-ray intensities of (200)f and (0002)a peaks
were observed at the top surface of cold-rolled plate, indicating
the {100}/ and {0002}« planes parallel to the rolling plane [13].
It was contrary to the results reported in [2], where the {001}
component decreased at higher reductions.

During severe cold-rolling, the lattice constants of the
®-MgLi,Al phase were found to diminish, indicating that
the Mg atoms in the ® phase were partly replaced by the Al
atoms. The results showed that the grains of the matrix £ phase
were substantially refined, with the mean size decreasing from
60 um to 200 nm. The distribution of the a precipitates, which
were embedded in the f grains and the ternary MgLiAl, phase,
was homogenized by ECAP processing. The existence of the
MgLiAl, phase was confirmed using various diffraction methods
[14], which disagrees with other findings, in which the MgLi,Al
phase was observed [10,13].

In the present paper, a comparison of elevated temperature
deformation characteristics of hexagonal o phase MgLi4.5A11.5
alloy and two phase a + f MgLi9Al1.5 (numbers indicate wt.%)
was performed. A small aluminum addition was applied to the
Mg-Li alloys in order to increase their mechanical properties as
reported in [15,16] and to study its effect on the grain refinement
and precipitation structure in single and two phase alloys after
TCAP in comparison with ECAP [17].

2. Experimental procedure

Two magnesium based alloys of composition 4.5 wt.% Li
and 1.5 wt.% Al (alloy 1) intended to be a phase (hcp) and of
9 wt.% Li, 1.5 wt.% Al (alloy 2) intended to be composed of
a+ f (hep + bee) phases were cast under argon atmosphere and
extruded at 350°C to obtain bars of cross section 12x12 mm
foreseen for the TCAP deformation. The TCAP tool consisted
of helical part in the horizontal area of the channel with angle of
lead y = 30°. The basic aim of the use of helix consisted in the

simulation of back pressure and thus in the increase of extru-
sion force. Up to 3 TCAP passes were applied using the rotation
of samples in the following passes. Alloys MgLi4.5Al11.5 and
MgLi9Al1.5 of higher plasticity were deformed at 160°C and
200°C, respectively. The extrusion force was measured during
the process. The hardness of samples was tested with a Zwick
ZHU 250 instrument using Vickers method and the tensile tests
were performed on Instron 6025 — testing machine at room and
elevated temperatures using samples cut out after ECAP with
an electro-spark device to thickness 2 mm and width 3.5 mm,
testing length 18 mm and total length 45 mm. The structure and
composition were studied using an Leica optical microscope,
FEI Quanta FEG-SEM or Philips CM20 transmission electron
microscope. Samples for the EBSD analysis were prepared by
ion polishing in the JEOL Cross Section Polisher using Ar"
ions at 4.0-6.0 keV energy. EBSD measurements were carried
out using the FEI Quanta FEG-SEM equipped with EDAX
Hikari camera. The accelerating voltage of the electron beam
was 20 kV and the electron beam current was kept in the range
from 16 nA to 32 nA. The orientation distribution maps were
acquired from regions dimensions ranging from 15%15 pm to
50x50 um, and the step size used was in the 50-100 nm range
on a square grid pattern. The grain size using optical or TEM
microscopes was estimated by the measurements in two perpen-
dicular directions to calculate the average value. Thin samples
of hot pressed or TCAPed alloys were cut by the electro spark,
then dimpled and electropolished in the electrolyte consisting
of 750 ml AR grade methanol, 150 ml butoxyethanol, 16.74 g
magnesium perchlorate and 7.95 g lithium chloride and finally
dimpled using Gatan dimpler and ion beam thinned using Leica
EM RES101 ion beam thinner. The X-ray diffraction was per-
formed using a Philips PW 1710 diffractometer with Co Ka
radiation. The crystallographic texture was examined based
on the pole figures obtained with a modified 7-axes Bruker
D8 Discover diffractometer. Pole figures were registered us-
ing the standard Bragg-Brentano geometry, with polycapillary
focusing X-ray optics and the pinhole collimator of 1.0 mm
diameter working on the primary beam. The 2.6 LynxEye
silicon strip detector set to 0D mode was employed for the
secondary beam. The goniometer radius of the apparatus was
300.0 mm and filtered Co-Ka, , radiation was used for all of the
samples. The measurement grid for each pole figure consisted
of a simple equal step grid with Ao = A = 5.0° and a varying
from the 0° to 75°. The intensity was corrected according to
the powder correction based on the reference magnesium pow-
der sample. The {100}, {002}, {101} and {012} families of
crystallographic planes were observed in the hexagonal Mg-Li
phase and for the cubic Mg-Li phase — the {011}, {002} and
{013} ones. The orientation distribution function (ODF) was
calculated with the LaboTex 3.0 software [ 18] implementing the
arbitrary defined cell algorithm. Shares of the specific texture
components were estimated in LaboTex with the model function
methods based on preliminary ODF maxima search and results
were checked and visualized with the tools of the TARSIuS
package [19].



3. Results and discussion

Figure 1a shows optical micrograph of alloy 1 extruded at
350°C. One can see that the grains in alloy MgLi4.5A11.5 are of
round shape indicating a partial recrystallization during the hot
extrusion process. Small precipitates, reported also in previous
papers, were identified as MgLi,Al or MgLiAl, [9,13], therefore
their structure was examined using selected area diffraction pat-
tern (SADP). The micrograph of extruded and TCAPed alloy is
shown in Fig. 1b. The refined and elongated grains can be seen,
however it is difficult to estimate the grain size due to presence
of fine precipitates. The microstructure of alloy MgLi9All.5
was similar to that reported in two phase MgLi based alloys
[2,6,7,10,12-14], with elongated lamellae of the a phase (vis-
ible as bright) within the § phase. The structure changes after
TCAP (Fig. 2b) are better visible in the MgLi9All.5 alloy,
where the partition of lamellae and refinement of the f grains
can be observed, although it was also difficult to estimate their
size, so the TEM studies were performed. Figure 3 shows the
TEM micrograph of extruded alloy Mg4.5Mg1.5Al with a large
precipitate of rectangular shape and relatively high dislocation
density within the a grain, which indicates, that the recrystalliza-
tion process during hot extrusion was not completed. The SADP
indicates the presence of hexagonal a solid solution with 100
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row excited and symmetrical orientation of the cubic precipitate
at the [011] zone axis orientation with crystal lattice confirming
the presence of Li,AIMg as was also reported in [9,12].

Table 1 shows the results of measurements of mechanical
properties such as hardness HVy, yield strength Y'S, ultimate
tensile strength UTS and tensile elongation ¢. It can be seen that
Y'S and UTS are slightly higher for the samples after TCAP than
for the extruded MgLi4.5A11.5 alloy, most probably due to the
grain size decrease. A small difference in the properties results
presumably from the fact that both processes were carried out at
elevated temperatures and the recrystallization was difficult to
control due to longer time of the TCAP process. The dislocation
density in the extruded and TCAPed samples was rather high.
Two phase MgLi9All.5 alloy showed also a slight increase of
UTS after ECAP, but generally the change of mechanical proper-
ties was very small for a similar reason as for the other alloy. The
results are slightly different from these reported in [20], where
the increase of UTS and YS after ECAP was accompanied by
the significant drop of ductility, which was not observed in our
case. It was probably caused by the direct ECAP deformation
after casting described in [19]. Another reason influencing the
mechanical properties of MgLi alloys is texture, particularly
in the a phase with a lower number of slip systems, where the
change of texture affects possible slip mode from the basal plane

b 20,00

Fig. 1. (a) Optical microstructure of hot extruded alloy AlLi4.5A11.5 and (b) The alloy after first TCAP pass

Fig. 2. (a) Optical microstructure of hot extruded alloy AILi9Al11.5 and (b) The alloy after first TCAP pass
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Fig. 3. TEM micrograph of extruded alloy MgLi4.5Al11.5 and selected
area diffraction pattern (SADP) as an insert

to pyramidal one [2,3]. That is why, the texture alterations in
the extruded and TCAPed samples of both phases are important
and they were examined in the present paper. The mechanical
properties were similar after extrusion and after TCAP indicat-
ing a small increase of hardness and tensile strength of the alloy
MgLi4.5A11.5, while the results for the MgLi9AlL.5 alloy were
similar after both deformation modes.

TABLE 1
Results of measurements of mechanical properties
Sample HV,, YS [MPa] | UTS [MPa] | &[%]
Alloy MgLi4,5Al1,5 70 43 190 45 10547 os
extruded
Alloy MgLi9All1,5 6043 133 45 15447 s
extruded
Alloy MgLi4,5Al1,5
after | TCAP pass | 025 | 1325 | 21847 9
Alloy MgLi9All,5
after 1 TCAP pass 60£3 129 %5 170+7 27

Figure 4 presents the TEM micrographs and SADP of alloy
MgLi4.5A11.5 after 1 and 3 TCAP passes. It can be seen, that
after 1 pass the grains are elongated with rather high dislocation
density. The SADP from the area shows zone axis orientation
[0110]a and reflections extended toward Debye-Scherrer rings
reaching the misorientation up to 5 degrees between the grains.
The microstructure of the sample subjected to 3 TCAP passes re-
veals larger grains, showing, however, stronger contrast changes
between them. The SADP from the elongated dark central grain
demonstrates small misorientation up to 5° and indeed, a small
contrast changes due to further refinement probably with a low
angle boundaries can be distinguished within the grains in the
lower part of the micrograph. In both samples rather high dis-
location density occurs. The results of grain size measurement
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Fig. 4. (a) TEM micrographs and selected area Diffraction patterns from alloy MgLi4.5A11.5 after 1 TCAP pass and (b) after 3 TCAP passes



for the MgLi4.5A11.5 alloy are placed in the Table 2. They are
based on the set of 50-60 grains from several TEM microstruc-
tures indicates that the grain size after one TCAP pass is 1.4 um
and increases after 3 passes up to 5.2 um. The coalescence of
initial fine grains of small misorientation into larger grains of
higher misorientation is the possible mechanism; the process
was accelerated by elevated temperature 220°C and contributed
to the texture change.

TABLE 2

Results of grain size measurement of alloys after extrusion (optical
microscopy) and after 1 and 3 TCAP passes (TEM observation)

Sample D, [nm] D, [um]
Alloy MgLi4,5Al11,5 2 120
extruded
Alloy MgLi9All,5 296 3
extruded
Alloy MgLi4,5Al11,5
after 1 TCAP pass 1.4 (1.6 EBSD) 132
Alloy MgLi9All,5
after | TCAP pass 60 129
Alloy MgL9All,5
3 TCAP passes 2.1 12.3

Figure 5 shows the TEM microstructure of alloy MgLi-
9Al1.5 after 1 TCAP pass. A narrow band of § grains of bright
and dark contrast and size of a few pum can be seen between two
o grains. The indexing of SADP pattern shows that the [0110]a
and [111]/ zone axes are parallel to the electron beam. The dif-
ferences between both phases are visible; rather cellular type of
subgrains within the o phase and well developed grain bounda-
ries within the f grains. In fact, the measurements presented in
Table 2 show that in two phase alloy the grain refinement of the
a grains is not as effective as in predominantly single phase alloy
MgLi4.5Al11.5, confirming, that most probably, the deformation
occurs mainly in the softer f phase, where dynamic recrystal-
lization results in developing high angle grain boundaries. The
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Fig. 5. TEM micrograph from the alloy MgLi9Al1.5 after 1 TCAP pass
showing a band of # phase between «a grains and corresponding SADP
of a left a and central § phases
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dislocation density is higher than in the a phase, which can be
seen in this and other micrographs.

Figure 6a presents the EBSD orientation map image taken
of alloy MgLi4.5A11.5 after 1 TCAP pass. Two types of grains
can be distinguished; larger ones elongated in the pressing direc-
tion (rotated in the exit helical part) and smaller equiaxial ones
between them. Most of elongated grains show a small misorien-
tation causing further grain refinement. The average grain size
estimated from EBSD is 1.6 um what is in a good agreement with
the data based on the TEM grain size measurement in Table 2.
The (0001) pole figure suggests that the basal plane is oriented
perpendicularly to the pressing direction and, similarly to the
grains, deviates from the pressing direction. Figure 6b depicts
the results of EBSD studies of investigated alloy MgLi9All.5
after 1 TCAP pass. Some nonhomogeneity of grain size and
misorientation is similar to these observed in Figure 6a. The grain
size of the a phase in the duplex alloy was measured only for
the o phase, while the areas of the f phase were marked mostly
with gray color, because their orientations were not solved. The
mean grain size of the a phase after 1 TCAP pass was calcu-
lated at 6.5 um and that of the a phase after 3 TCAP passes at
2.1 um. The grain size of both phases was also measured using
TEM studies from the limited data of about 50-60 grains. The
results after 1 TCAP pass are similar to that of EBSD; therefore
the grain size measurements were performed also for another
specimen and listed in Table 2. It can be seen, that grain refine-
ment of the a phase is more intense than that of the § phase in
alloy MgLi9Al1.5. With increasing number of passes the grain
size of f§ phase rises, while that of the a phase decreases. It is
most probably caused by more intense deformation of the softer
f phase (confirmed also by faster electrolytic thinning of its
elongated grains) and its dynamic recrystallization at elevated
temperature. The hexagonal o phase reveals higher dislocation
density, but it seems to carry less deformation. The a grain re-
finement is more pronounced in the single phase MgLi4.5Al1.5
alloy after the first TCAP pass than in the two phase alloy due
to higher deformation of this phase.

Figure 7 contains the set of pole figures from extruded alloy
Mg4.5Al11.5 of hexagonal o phase. The texture formed during
hot pressing of square cross section rods is well developed
(maximum texture intensity is 2.7) and can be defined by ideal
orientations (1012) [3033] (0332) [0339] and (0110) [0001].
The results are similar to these reported in [2] and [3]. Figure
8 shows {0001} and {1010} pole figures from the hex a phase
of extruded alloy and {001} and {110} pole figures from the
bee S phase of the as extruded duplex MgLi9Al1.5 alloy. They
acquired different ideal orientations than those of the « phase in
Figure 7 and similar to reported in [2] and [3]. (5 phase {100}
planes perpendicular to the extrusion direction, {0001} a planes
parallel to it.).

Figure 9 presents pole figures {1010} and (001) of the sam-
ple extruded and after 1 TCAP pass. Different rotation of poles
after 1 and 3 pass results from the BC rotation and additional
one of crystals in the exit helical part. Comparing {1010} pole
figures of plane after extrusion and TCAP pass, it is visible, that
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Fig. 6. (a) EBSD image taken from the alloy MgLi4.5Al11.5 after 1 TCAP pass; (b) 0001 pole figure calculated from EBSD studies (c) EBSD
image from the alloy MgLi9Al1.5 after | TCAP pass; (d) 0001 a and 001 S pole figures calculated from EBSD studies
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[3033] (0332) [0339] and (0110) [0001] ideal orientations respectively

the pole rotates around the extrusion direction and also around
the perpendicular direction. The {1010} planes became perpen-
dicular to the extrusion direction. The similar type of {0002}
textures was observed in the ZK60 alloy after ECAP with {0001}
planes parallel to the extrusion direction, in which the angle of
rotation around <0001> direction was found to be dependent on
the ECAP temperature [21]. Higher degree of deformation by
3 TCAP passes caused the stabilization of {001} plane as parallel

to the extrusion direction and that of {100} perpendicular to the
extrusion one. The pole figures after 3 TCAP were similar to that
reported for the ZK60 alloy after ECAP [21].

Pole figures of hep and bece phases in the duplex alloy after
3 TCAP passes are shown in Figure 11. They do not show similar-
ity to these of the hcp o phase after 1 or 3 TCAP passes presented
in Figs. 9 and 10, where the {1010} plane was perpendicular
to the extrusion direction and {0001} one was parallel to it. In
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Fig. 9. {1010} and {0001} pole figures from extruded alloy Al4.5Al1.5 after 1 TCAP pass. Circles, squares and triangles show main orientation

poles (121 T)[1216] and (325 1)[5729]

fact, the pole figures, particularly of hcp a phase indicate close
to random orientation with diffused maxima and the maximum
intensity peak near 1.5. Concerning the bec /5 phase, the texture
is slightly more developed, however it is difficult to compare
with the textures after ECAP since they are not available for

the MgLi alloys. The (110) pole figure is similar to the reported
annealing texture reported in [3] of a duplex MgLi alloy, which
may confirm the TEM observation of a possibility of dynamical
recrystallization of the S phase due to its easier deformation than
that of the o phase.
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4. Conclusions

1. TCAP deformation at temperatures 160°C of a + f alloys
caused less effective grain refinement than that of single
o phase alloy at 200°C. However, with increasing number
of passes, grain size of single a phase alloy increased and
that of § phase in two phase o + f alloy also grew, which
suggested the effect of dynamic recrystallization after in-
creasing number of passes. Grain size of a phase in duplex
alloy slightly decreased what might be caused by lower
deformation since the f phase transferred majority of defor-
mation as was supported by TEM microstructures. Hardness
and yield stress of both alloys did not change much after
TCAP passes as compared with the extruded alloy, which
also confirmed the presence of dynamic recrystallization.

2.  TEM studies allowed identifying particles of Li,MgAl
phase of size of few um, which were refined below 1 pm
after TCAP passes. Higher density of precipitates was
observed within f phase probably due to its higher lithium
content. Crystallographic relationship (0001) a || (110) S
was observed very often and small particles of the a phase
were incorporated into the /8 phase after 3™ TCAP pass.

3. {0001}<1010> texture was observed in the present study in
extruded alloy in agreement with previous texture studies of
extruded or rolled hcp MgLi based alloys. Texture studies
of extruded and TCAPed single phase hcp alloy indicated
texture with {1010} plane perpendicular to the extrusion di-
rection and {0002} plane parallel to the extrusion direction
in agreement with literature reports on ECAPed magnesium
alloys. Duplex a + f alloys showed poor texture develop-
ment with increasing number of TCAP passes, although
the S phase revealed presence of recrystallization texture
supporting TEM observation of dynamic recrystallization
appearing with increasing number of TCAP passes at rela-
tively low deformation temperature of 160°C.
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