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Abstract: The effect of yttrium (Y) on the critical resolved shear stresses (CRSS) of <a>
basal slip, {1012}(1011) tension twinning and <c+a> pyramidal slip has been studied
using micro-pillar compression tests along selected orientations at room temperature, on
two magnesium (Mg) alloys with different Y contents (0.4 wt.% and 4 wt.%). The CRSS
of <a> basal slip increased slightly from 30+1 MPa (for Mg-0.4Y) to 37+3 MPa (for Mg-
4Y). In Mg-0.4Y, the resolved shear stress to activate the {1012}(1011) tension twin was
determined to be 45+12 MPa, while in Mg-4Y it was 113 MPa. The compressed samples
were studied using scanning electron microscopy (SEM), transmission Kikuchi
diffraction (TKD) and transmission electron microscopy (TEM). It was found that <c+a>
dislocations slip mainly on {1122} (Pyra II) planes with a CRSS of about 119 MPa in
Mg-0.4Y and slip mainly on {0111} (Pyra I) planes in Mg-4Y with a CRSS of 106 MPa.
There is a significantly lowered CRSS ratio between <c+a> slip and <a> basal slip in both
alloys (2.8 and 4.8) compared with that reported in bulk pure Mg (~100). The easy
activation of <c+a> on Pyramidal I slip is expected to promote the frequent cross-slip in
Mg-4Y alloy.
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1. Introduction:

Magnesium is the lightest (with density of 1.73 g/cm?®) structural metal and has wide
potential applications in the automotive industries. However, the poor ductility at room
temperature limits the use of Mg and its alloys. Partly due to its hexagonally close packed
(hcp) structure (c/a ratio of about 1.624), Mg has anisotropic plastic deformation
behaviour. For example the CRSS of <c+a> pyramidal slip in pure Mg is about 100 times
larger than that of <a> basal slip, and hence <a> basal slip is often the dominant
deformation mode [ 1] which is not able to accommodate the strain along the <c> direction,
which is a key reason for the limited ductility of pure magnesium at room temperature.

Recently, it was reported that the addition of rare earth (RE) elements such as Y can
significantly improve the ductility of Mg alloys (see for example [2] [3] [4]). It has been
recognised that the difference between the CRSS of <c+a> pyramidal slip and <a> basal
slip is reduced with Y addition [3] [5] [6] [7]. Sandlobes et al. [3] [5] studied the
dislocation structure in deformed Mg-3 wt.% Y alloy and observed enhanced activation
of <ct+a> dislocations. Kim et al. [6] reported a study using molecular dynamics (MD)
modelling that the CRSS of basal slip increased more than that of pyramidal slip in Mg
with Y addition. Wang et al. [8] estimated the CRSS value of the non-basal and basal <a>
slips in Mg-3Y alloy using far-field high energy X-ray diffraction, but no CRSS value of
<ct+a> slips were reported. Kula et al. [9] employed a crystal plasticity model to simulate
the deformation of textured Mg-Y alloys and estimated the CRSS value of <a> slip and
<cta> slips. These estimations of CRSS values provides valuable insight to the
deformation of Mg-Y alloys, direct measurement of quantitative CRSS results is still
urgently demanded. In addition, deformation twinning, which is an important alternative

deformation mode to pyramidal slip to accommodate the c-axis strain in pure Mg and its



alloys, has not been well documented in Mg-Y alloys. The effect of Y on the deformation
twin in Mg needs to be clarified.

With the development of focussed ion beam (FIB) machining and small-scale mechanical
testing techniques, it is possible to perform mechanical testing on miniature single crystal
samples extracted from individual grains in polycrystalline samples and thus obtain the
CRSS values [10] [11]. For example, using micro-pillar compression, Liu et al. [11]
successfully quantified the CRSS of basal slip and tension twinning in pure Mg, and Chen
et al. [12] characterised the CRSS of different slip systems in Mg-Zn-Y alloys. So the
first aim of this paper is to determine the CRSS of basal <a> slip, tension twin and
pyramidal <c+a> slip in Mg-Y samples with different Y additions ( 0.4 wt.% and 4 wt.%
Y) by micro-pillar compression.

The second aim is to study the nature of the <c+a> pyramidal slip in Mg-Y alloys.
Although the nucleation, dissociation and active slip planes of <c+a> dislocations in Mg
have been studied extensively, there are disagreements or even contradictions in the
literature on the nature of the <c+a> dislocations. For instance, the experimental work on
pure Mg by Obara et al. [1] suggests <c+a> dislocations slip on {1122} pyramidal II
(Pyra II) plane, which is supported by later work [13] [14]. However, {0111} pyramidal
I (Pyra I) plane has also been reported as the favourable slip plane for <c+a> dislocation
in pure Mg during c-axis compression based on TEM analysis [15], SEM slip trace
analysis [16] and modelling work [17] [18]. More recently, Wu et al [19] studied,
primarily using atomistic simulation, the <c+a> dislocations in Mg. They reported that Y
addition contributes to <c+a> dislocation cross slip. The simulation results were
supported by TEM observations obtained from polycrystalline textured samples
containing 1 wt.% and 3 wt.% Y. To further clarify the nature of <cta> slip

experimentally, detailed dislocation analyses on the <c+a> dislocations have been carried



out in this work together with the quantitative CRSS values measurement from the single

crystal micro-pillar samples.

2. Experimental:

Mg alloys containing 0.4 wt.% and 4 wt.% Y additions were prepared by casting of a
mixture of commercial pure Mg and a Mg-30wt.% Y master alloy. The as-cast alloys
were sealed in a quartz tube under argon atmosphere and solution treated at 520°C for 96
h, followed by water quenching. The samples were then mechanically polished using 1
um diamond paste and then electro-polished in the solution containing 10% perchloric
acid and 90% ethanol. Electron back-scattered diffraction (EBSD) was carried out using
an Oxford Instruments Nordlys EBSD detector attached to a TESCAN MIRA-3 SEM to
determine the crystallographic orientation of these samples. Square micro-pillars with
typical dimensions of 4.5 pm (length) x 4.5 um (width) x 9 um (height) were prepared
from selected orientations using an FEI Quanta 3D Focussed lon Beam (FIB) FEG/SEM
system. Micro-pillars were prepared from selected grains with suitable orientations to
activate single <a> basal slip, <c+a> slip or {1012}(1011) tension twinning. The loading
directions of the prepared pillars and the slip systems expected and their corresponding
Schmid factors are shown in Table 1. At least three micro-pillars for each condition were
compressed using a Hysitron Picoindenter PI85 system (Bruker Corporation) under a
nominal strain rate of 2x107 s'!. The elastic strain accommodated by the diamond
indenter and the bulk materials below the pillar were subtracted using Sneddon’s equation
by considering the punching effect of a cylindrical punch indenting into an elastic half

space [12] [20] [21]. The corrected displacement D is obtained using following equation:

D= Dmeas -
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Where D,,;0qs and F,.4s are the measured displacement and force; v; and v, are the
Poisson’s ratio of diamond (0.07) and magnesium (0.35) respectively [22] [23]. E; and
E,, are the elastic modulus of the diamond (1143 GPa) and the magnesium (42.9 GPa for
0.4Y-A and 4Y-A micropillars, 50.3 GPa for 0.4Y-C and 4Y-C micropillars, 45.4 GPa
for 0.4Y-B and 4Y-B micropillars) [22] [23]. dt and d,, are the diameters of the top and
bottom micropillars. The 0.2% proof stress is taken as the yield strength of the
micropillars. The pure elastic part of the compression stress-strain curve is identified
when its first derivative remains constant (practically the scattering is less than 10%). The
end point of the elastic part is taken as zero strain.

After the compression test, thin foils were then extracted from the compressed micro-
pillars using FIB to study the deformation microstructure on an FEI Talos F200
transmission electron microscope (TEM).

Table 1. insert here

3. Results:

3.1 Compression stress-strain curves of Mg-Y micropillars

The engineering stress-strain curves obtained from the micro-pillars are shown in Figure
1. Pillars 0.4Y-A and 4Y-A, both in blue colour, show similar plastic flow behaviours
with no significant work hardening. The 0.2% proof stress is 70+3 MPa for 0.4Y-A and
103+6 MPa for 4Y-A. The stress-strain curves (in red colour) obtained from pillars 0.4Y-
B and 4Y-B appear very different. The curves obtained from 4Y-B pillars are smooth
while that from 0.4Y-B pillars show distinct strain bursts followed by high work
hardening regions. The 0.2% proof stress of 0.4Y-B pillars appears scattered (67 MPa, 77
MPa, 115 MPa and 132 MPa) compared with that of 4Y-B pillars of about 246 +5 MPa.

The stress-strain curves obtained from 0.4Y-C and 4Y-C pillars (in black) show some



small serrations (which are larger in 4Y-C) and have high work hardening rates compared
with those obtained from other groups of pillars. No large strain bursts have been
observed on Mg-4Y alloy pillars regardless of the loading directions.

Figure 1 insert here

3.2 SEM and TEM analysis of pillar 0.4Y-A and 4Y-A

Typical SEM images taken from the as-compressed 0.4Y-A pillar (deformed to 8% strain)
and 4Y-A pillar (deformed to 6% strain) are shown in Figure 2a and 2b, respectively.
Both pillars show distinct slip traces parallel to (0001), suggesting that basal <a> slip has
been activated. A thin foil parallel to (0001) was extracted from the compressed 4Y-A
pillar. Bright field images in Figure 2c-2f show long and curved dislocations in the pillar
(indicated by the purple dashed curves) and they are out of contrast when imaged using g
= 1010 (Figure 2e), implying the Burgers vector of these are <a> dislocations with
Burgers vector of 1/3[1210], consistent with the fact that 1/3[1210](0001) slip system
has the largest Schmid factor of 0.36 (Table 1). Based on the 0.2 % proof stress and the
Schmid factor, the CRSS of basal <a> slip for Mg-0.4Y and Mg-4Y alloys can be
determined to be 30+1 MPa and 37+3 MPa, respectively.

Figure 2 insert here

3.2 TEM analysis of pillar 0.4Y-B

Figure 3 shows the TEM bright-field images obtained from a 0.4Y-B micro-pillar
compressed to about 10% strain. The TKD result in Figure 3b indicates that twinning has
occurred in almost the whole pillar (in blue) except some areas (in red) at the top and
bottom of the pillar. The twin has been identified as {1012}(1011) tension twin. The
CRSS value for the tension twin in Mg-0.4Y is thus calculated as 45+12 MPa. Under the

diffraction vector g = 0002, dense dislocations were observed in the twinned region



indicating that these are not <a> dislocation and that the Burgers vector of these
dislocations has a <c> component (Figure 3a). The yellow-boxed area in Figure 3a is
enlarged and shown in Figure 3¢ which shows that many lines parallel to the basal plane
on the left part of the image. When imaged using 1011, fringes of stacking faults can be
seen (as shown in Figure 3d). The presence of such stacking faults has been widely
reported in Mg alloys [24] [25] [26]. A low angle grain boundary along the loading
direction in this pillar with the misorientation angle of about 3° can be seen in Figure 3b.
Images taken along [1210] zone axis were used to study the dislocations in the boundary.
As shown in Figure 3e, the boundary consists of two groups of straight, parallel
dislocations. The dislocations are out of contrast when imaged using g=0002, suggesting
these are <a> type dislocations. This type of low angle grain boundary has been frequently
observed in Mg-Zn-Y alloys and is recognised as a kink boundary [27] [28]. TKD results
indicate that the rotation axis of the low angle grain boundary is (1210) type, as shown
in Figure 3b. Yamasaki et al. [28] suggested this type boundary contains two basal <a>
slip systems. It is clear lots of stacking faults ended at the kink boundary, which is similar
to the morphology where stacking faults left in the wake of advancing the twin boundary
[29]. The origin of the kink boundary maybe due to the meeting of two twin variants
which has small misorientation angle. The misorientation has been preserved by forming
the kinking boundaries. Figure 3f shows that this low angle grain boundary effectively
blocks dislocations, as pointed by the red arrow.

Although the current compression experiment was performed under constant strain rate,
it is likely that the feedback loop used did not offer sufficiently quick response to the large
displacement associated with twinning hence the strain bursts observed. Liu et al. [11]

observed that an entire pillar was twinned after 5-6% compressive stain. The tensile strain



caused by {1012}(1011) twin is about 6.5%~6.7% regardless of the twinning
mechanism, i.e. the classical shearing mechanism [30] or the atomistic shuffling [31].
Figure 3 insert here

In order to identify the <c> component dislocations observed in the twin region in a
compressed pillar of 0.4Y-B, bright-field images with different beam conditions are
shown in Figure 4. Taking the arrowed long dislocation as an example, it is in contrast
when g = 0002 and g = 1011, but it is out of contrast when g = 1010 and g = 2110.
So the Burgers vector of these dislocations are <c> type dislocations. It is interesting to
notice that a high density of <c> dislocations is a very common feature in deformation
tension twins (see dark areas in Figure 3a) and often associated with basal stacking faults.
Wang et al. [29] also observed lots of <c>-containing dislocations in the twin, but it was
suggested these defects were not caused by the twin boundary movement. Li et al. [26]
reported the observation of the <c> dislocations in the Mg twin, no explanation has been
given. Agnew et al. [32] suggested a <c> dislocation may be a result of the dissociation
of a <ct+a> dislocation in a Mg-Li alloy. However, this doesn’t explain the direct link
between the <c> dislocations and the twins. It is more likely that the <c> dislocations
were a residue defect associate with the stacking faults when the twin boundary advanced.
<c> dislocation is non-mobile and can’t contribute to further strain accommodation.

Figure 4 insert here

3.3 TEM analysis of pillar 4Y-B

Unlike the 0.4Y-B, the deformed 4Y-B micro-pillar with [2750] loading direction shows
less twinning. After straining of 8%, the SEM image obtained from the as-compressed
pillar (Figure 5a) clearly shows a slip trace corresponding to the (0111) plane. The

corresponding TKD result (Figure 5b) confirms that only a small piece of twin exists at



the edge of the sample. A micro-pillar compressed under the same condition but to a
smaller strain of 2% was analysed using TEM and the results are shown in Figure 6. The
overview image shows a small piece of twin present and the dislocation lines observed
are mainly along one direction. As indicated by the yellow line, most straight dislocations
are parallel to the trace of (0111). Images obtained from the dashed blue square with
different g vectors are shown in Figure 6b-f. Two groups of dislocation can be observed.
Group A dislocations are dominant and they are out of contrast when g = 0111 and g =
1010, suggesting the Burgers vector of 1/3[1213]. The CRSS for 1/3[1213](0111)
slip system in Mg-4Y alloys can thus be determined as 106+2 MPa. A second less dense
set of dislocations, Group B labelled in Figure 6b, can be observed. Group B dislocations
become out of contrast when g vector is 0111 and 1100, suggesting they have Burgers
vector of 1/3[1123].
Figure 5 insert here

Figure 6 insert here

3.4 TEM analysis of pillar 4Y-C

The micro-pillar of 4Y-C shows large work hardening during compression. Figure 7a
shows an SEM image of an as-compressed pillar and the observable slip traces correspond
to (0001) indicating <a> type basal slip occurs. The corresponding TEM image in Figure
7b indicates that besides basal slip, many dislocations with <c> component also exist.
Figure 7c shows a long straight basal <a> type dislocation is out of contrast when g=0002
(Figure 7d). Figure 7e and f are the magnified images of these <c> component
dislocations, and they are in contrast when g = 2110, which confirms they are <c+a>
type. Based on the CRSS values measured earlier, the corresponding yield strength for

activating <c+a> slip on first pyramidal plane and basal <a> slip along [0114] zone axis



in Mg-4Y can be estimated, which are 220 MPa and 174 MPa respectively. The measured
0.2% proof strength of about 208 MPa is consistent with the activation of <c+a>
dislocations, but a little bit higher than the activation of <a> slip. This can be explained
by small strain bursts occurring and why slip traces are not obvious in SEM images.
Figure 7 insert here

In order to understand the morphology of the <c+a> dislocations in the 4Y-C pillar, a
tilting series has been carried out from -40° to 60° along basal plane (single tilt holder)
and the results are in the supplementary video. Figure 8c sketches the relative tilting
position to the zone axis. Two images with tilting angles of 10° and -40° are shown in
Figure 8a and 8b. Lots of zig-zag shape dislocations are indicated by yellow in Figure 8a
and it is likely double cross-slip occurs. After tilting to -40°, these long dislocations
appear much shorter; this is consistent with Figure 5 and Figure 6 which show that the
dominant slip plane is Pyra I plane. It is known that <c+a> dislocations can glide on two
Pyra I slip planes and one Pyra II planes as indicated in Figure 8c. So it is possible for
<c+a> dislocation in Pyral (1011) plane to cross-slip to Pyral (0111) or Pyra Il (1122)
plane. Figure 8d illustrates double cross-slip so the zig-zag shape is easier to understand.
For clarification, the dislocation part which appears to lie on the basal plane is actually
the straight edge or near edge part in Pyra I or Pyra II slip planes.

Figure 8 insert here

3.5 TEM analysis of pillar 0.4Y-C

Figure 9 shows the <c> component dislocations in 0.4Y-C sample in a (1210) section.
The <c> component dislocations show distinct morphology difference from 4Y-C
micropillar. Lots of dislocation lines appear straight and lie on the basal plane.

Figure 9 insert here

10



Higher magnification images in Figure 10 confirm these straight long dislocations are
<c+a> dislocation which show contrast with g = 2110. There are lots of elongated
dislocation loops in Figure 10 labelled as a, b, ¢ and d. These dislocation loops show
contrast with g = 0002 and g = 2110 and are thus identified as <c+a> dislocations.
Dislocation loops b and d are out of contrast when g = 1011 which indicates the Burgers
vector is 1/3[1123]. Similarly, dislocation loop ¢ is out of contrast when g = 1011
which indicates the Burgers vector is 1/3[1123]. It is clear that many <c+a> slip systems
are activated in the pillar due to the similar Schmid factors. To further investigate the
possible slip plane, a (0001) section is shown in Figure 11. Figure 11a shows lots of
straight dislocations and these dislocations are out of contrast when g = 1101 and g =
0111, so the Burgers vector is determined as 1/3[1213]. These dislocations are parallel
to the trace of (1211), and according to Figure 9 and Figure 10, straight parts of the <c+a>
dislocations are likely to lie on (0001) as well. So the dislocation line directions are
[1010]. The slip plane contains line directions of [1010] and [1213], which can be
identified as (1212) (Pyra Il plane). The straight part of the dislocation is an edge section
and a schematic drawing of a typical <c+a> dislocation loop in 0.4Y-C pillar is shown on
Figure 11d.

Figure 10 insert here

Figure 11 insert here

4. Discussion

4.1 Effect of Y addition on the Twinning

Different deformation modes were observed in 0.4Y-B and 4Y-B pillars when deformed
along [2750]. With 0.4%Y, the Mg alloy was mainly deformed by {1012} tension
twinning with a corresponding CRSS of 45+12 MPa. When the Y content was increased

to 4%, the twinning tendency reduced and instead <c+a> dislocations became dominant
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and only a small piece of twin was observed in the deformation microstructure. Assuming
the small piece of twinning was generated when the plastic yielding occurs the CRSS for
{1012} tension twin of Mg-4Y would be 113 MPa. The increasing CRSS for the tension
twin with increasing Y content needs to be understood.

The stress needed for twin nucleation and that for growth (boundary migration) may have
different values. For example, B. Liu et al. [33] reported comparable stress values for
twin nucleation and for boundary migration while Y. Liu et al. [11] observed a larger
stress needed for twin nucleation than that for boundary migration in pure Mg. In the
current study, the twinning was associated with the large strain burst in Mg-0.4Y alloy
and at the end of the strain burst, the twin boundary migration has already finished. This
suggests that the twin boundary migrated at high speed or in other words the stress needed
for twin boundary migration should be no larger (likely smaller) than the stress required
for twin nucleation. Therefore, the fact that only a small piece of twin was observed in
the deformed sample in Mg-4Y (Figure 5 and Figure 6) implies that the twin has not gone
through the same rapid growth as that in Mg-0.4Y. In other words, the growth of twin
boundary in Mg-4Y would requires higher stress than 113 MPa, which is greater than the
CRSS for <c+a> pyramidal slip.

Mendelson [34] suggested that non-planar dislocation dissociations can result in the
formation of a twin embryo. The pole mechanism (see for example Hirth and Lothe [35])
also requires the dissociation of <c+a> dislocations into zonal twin dislocations and
colinear partials. It is known that the dislocation dissociation can be promoted by reducing
SFE. Both TEM analysis and DFT calculation suggests that the SFE can be reduced by Y
addition in Mg-Y alloys °. This indicates that Y addition is likely to facilitate twin embryo
formation. For twin boundary migration, mobile dislocation [36] and atomic shuffling

[37] are the main competing mechanisms reported in bulk Mg alloys. Liu et al. [33]
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suggested twin boundary migration occurs by basal/prismatic transformation via local
rearrangements of atoms in sub-micron Mg samples. Stanford et al. [38] suggested the
larger Y atoms inhibit the shuffle process required for twin boundary migration and
therefore it is possible that the Y increases the activation stress needed for twin boundary
migration. In other words, the twinning deformation in Mg-Y alloys is probably affected
by not only the stacking fault energy but also by the concentration of the solute element.
Furthermore, Y addition to the system may also alter the relative ease for both <a> basal
and <c+a> pyramidal dislocation slip which as competitive deformation mechanisms may
also affect the activation and growth of the twinning. Although the fact that the CRSS
value of 45 MPa for the tension twinning measured in 0.4Y-B sample being much larger
than that of 2 MPa in pure Mg [39] and rarity in 4Y-B sample seems contradicting the
expectation on the reduced SFE upon increasing Y content, it is probably a result caused
by the overshadowing of the reduced SFE by the inhibited atomic shuffling during the
twin, and the change of the relative ease of some dislocation movement, all due to the
increased Y content. Future combinatory study on these effects will be useful to
understand the twinning deformation in Mg-Y alloys.

The scattering of critical stress measured on tension twinning is 12 MPa (ie. 26%) which
is much larger than those measured on pillars which deform by dislocation slip (5%)
might be caused by the local stress concentration possibly experienced during the
experiment at locations such as between the indenter and the sample surface [11].

4.2 Effect of Y addition on <c+a> dislocations

When compressed along the direction close to the c-axis, <c+a> dislocations were profuse
in the deformed alloys. This is in strong contrast to observations in pure magnesium but
suggests easy activation of the <c+a> dislocations in the Mg-Y alloys, which agrees with
previous reports [5]. Sandlobes et al. [5] suggested that the formation of non-basal slip

was due to the stacking faults in Mg-3% Y alloy. However, uncertainty remains on the
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nucleation of non-basal slip in Mg alloys. For instance, Agnew et al [40] postulated that
<c+a> dislocations were formed by the dissociation of a 1/6(2023) dislocation
associated with a pre-existing 11 stacking fault, which also produces another 1/6(2023)
stair rod dislocation. Recently, the nucleation of <c+a> dislocations was also suggested
to be the result of unfaulting of two 11 stacking faults on the basal plane [24], following
the reaction 1/6(2023) + 1/6(0223) — 1/3(1123). However, as shown in Figure 10(a),
small <ct+a> dislocation loops have been observed in the deformed 0.4Y-C pillar loaded
close to [0001]. Hence it is very likely that the <c+a> dislocations are generated directly
during the plastic deformation, rather than via the transformation from other defects
(dislocation or stacking fault) as mentioned above.

It is of interest to note that the dominant slip plane for <c+a> dislocations changed from
Pyra II slip plane in Mg-0.4Y alloy to Pyra I slip plane in Mg-4Y alloy. <cta>
dislocations also show different morphologies. <c+a> dislocations glide in Pyra II slip
plane in Mg-0.4Y alloy tend to have long edge segment and short screw segment. This
indicates that the mobility of the edge segment is low. On the other hand, double cross-
slip between Pyra I and Pyra I or Pyra II plane has been frequently observed in Mg-4Y
alloy. The current results agree with Wu et al. [19] that increasing Y content promotes
the <c+a> dislocation cross slip and suggested it as an important reason for the Y-induced

ductility increase.

4.3 Size effect on the CRSS value

The CRSS values of different slip systems in Mg-0.4Y and Mg-4Y are summarised in
Table 2. A strong sample size effect on the strength of Mg has been extensively reported

when the sample size was reduced to micron or sub-micron levels [11][41] . For example,
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a significant sample size effect was reported for those samples of 2.5 pm or smaller [41]
[42] and also varies with crystallographic orientations [42].

Uchic et al. [43] and Liu et al. [11] reported the strength of a bulk sample can be
manifested by micro-pillar when the sample size reach 10 um. If the fitting coefficient n
value of -0.49 is applied to correct the current work, the CRSS value for basal slip is 21
and 26 for Mg-0.4Y and Mg-4Y with size of 10 pm respectively. For pyramidal <c+a>
slip, Byer et al. [42] studied the micro-pillars compressed along [0001] zone axis and a
reduced size effect with n value of -0.2 is reported. By applying n value of -0.2 for the
current study, the CRSS for pyramidal <c+a> slip for Mg-0.4Y and Mg-4Y with size of
10 um are 101 MPa and 90 MPa respectively.

Prasad et al [44] carried out compression work on Mg orientated for twinning with sample
size of 3 pm and 3 mm and observed no significant size dependence on the tension twin
CRSS. This is supported by Liu et al [11] where no size effect is observed on twin in the
range of 3-10 um. However, the in-situ TEM compression work carried out by Ye et al.
[41] suggested an activating stress of about 1.26 GPa for tension twin and it is
significantly larger than the bulk sample which indicates a strong size effect exists. Yu et
al. [45] [46] also reported a size effect on twin deformation in both Mg and Ti. Due to the
inconsistency of these works, the size effect of the deformation twin is still an open

question. So in the current work, the CRSS for the twin will not be modified.

4.4 Effect of Y addition on the CRSS for <a> basal and <c+a> pyramidal slips

Y addition has an obvious strengthening effect as has been reported previously [9], which
is probably due to the solution strengthening of Y [47]. The Mg-0.4Y micro-pillar has an

CRSS of about 30 MPa (derived from the 0.2% proof stress), in contrast to the resolved
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shear stress of 30 MPa (based on the 2% flow stress) in pure Mg of 3 um [44] and of 6
MPa for pillars of 10 um size [11].

More interesting is the effect of Y addition on the ratio between the CRSS of <c+a>
pyramidal slip and that of <a> basal slip. The ratio between the CRSS of <c+a> pyramidal
slip and that of <a> basal slip for Mg-0.4Y and Mg-4Y is about 4 and 2.83, respectively.
This is shown in Figure 12 together with those available in the literature. The currently
measured values are much lower than the ratio of 100 for pure Mg, but higher than that
computed using molecular dynamics which is less than 2 for the alloy containing 1 at.%
Y (i.e. ~3.6 wt.%) [6]. Although the exact reason is unknown, this discrepency is between
two at very different strain rates and temperatures. Also it should be noted that the
molecular dynamics modelling was based on pure edge disloction only.

Table 2 insert here
Figure 12 insert here

It is worth mentioning that the difference between <c+a> to <a> ratios in Mg-0.4Y and
Mg-4Y is quite small. On the contrary, the large difference between CRSS for twin
formation in both samples will play an important role on the overall deformation modes
for polycrystalline samples. It is expected more deformation twinning exists in alloys with

less Y addition.

5. Conclusions

(1) The CRSS of the basal <a> slip increased slightly from 30+1 MPa (Mg-0.4Y) to 3743
MPa (Mg-4Y), presumably due to solid solution strengthening.

(2) The CRSS for tension twinning (>120 MPa) in Mg-4Y is significantly larger than Mg-
0.4Y, which has a CRSS value of 45+12 MPa. It is likely the higher Y content

significantly inhibits twin boundary movement thus result in an increasing of CRSS.
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(3) The active slip plane for <c+a> dislocations in Mg-0.4Y is Pyra II plane with CRSS
value of 119+2 MPa while the active slip plane for <c+a> dislocations in Mg-4Y is Pyra
I plane with CRSS value of 1062 MPa. The CRSS values for both slip systems are
similar.

(4) The ratios between CRSS values of non-basal slip to that of basal slip in both alloys
(2.8~4.8) are significantly reduced compared to pure Mg (~100). This indicates that non-
basal slip systems are more active in Mg-Y alloys, which together with the less active
deformation twinning than non-basal slip in Mg-4Y contribute to the improved overall

ductility reported in Y-containing Mg alloys.
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Table captions:

Table 1: Details of the micro-pillars prepared in the current study.
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Table 2: CRSS values of different slip systems determined from Mg-0.4Y and Mg-4Y

micro-pillars and those from pure Mg in bulk form and micro-sized pillars reported in the

literature.
Table 1
Alloys Pillars | Loading direction | Expected slip/twinning system Schmid factor
0.4Y-A [4711 18] 1/3(1210)(0001) 0.43
Mg- - =T
0.4Y 0.4Y-B [2750] {1012}(1011) 0.46
0.4Y-C [12118] 1/3(1123){1122} 0.46
4Y-A [2753] 1/3(1210)(0001) 0.36
Mg-4Y | 4Y-B [2750] {1012}(1011) 0.46
4Y-C [0114] 1/3(1123){0111} 0.48
Table 2
<a> (MPa) <cta> (MPa) {1012}(1011) Twin (MPa)
Mg-0.4Y | 30+1 11942, (1123){1122} 45+12
Mg-4Y | 37+3 106+2, (1123){1011} > 113 *
Pure Mg a1 (7T =
(bull) 0.52-0.81 [48] 501, (1123){1122} 2[39]
54-68 (1.6 um) [41] ~
g\‘j[ri‘zz[_g 39-68 (3 pm) [42] | ~135, (2.1 pm) (1123){1122} [14] 556((3)_(115)ﬂ;‘)n[)l[14]5]
pillars) 2053 Sr;l;n[)l[ﬁﬂ ~76, (6.1 um) (T123)(1122} (14 | 55943 . 3 mm) [47]

*Note: Tension twin stops growing at this stress in Mg-4Y alloy.

Figure captions:

Figure 1: compression stress-strain curves obtained from Mg-0.4Y micro-pillars (a) and

Mg-4Y micro-pillars (b) along different loading directions shown in Table 1

Figure 2: SEM images obtained from the compressed 0.4Y-A pillar (a) and 4Y-A pillar

(b) showing the slip traces parallel to (0001) plane. (c-f) TEM bright field images obtained

from 4Y-A pillar under different two-beam conditions. The foil normal is close to [0001].

The purple curves indicate the dislocation lines with Burgers vector 1/3[1210].
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Figure 3: (a) Overview TEM bight field image of as compressed pillar 0.4Y-B; (b) a TKD
image shows the deformed micro-pillar with large volume of twins. Red represents
matrix, blue represents twinning and green represents area failed to index which is mainly
the surrounding Pt coating; (c) bright field image of the enlarged area in Fig 3a shows the
<c> component dislocations. Beam direction (BD) close to [1210]; (d) bright field image
showing stacking fault; (e) bright field image under multiple-beam condition with
BD~[1210] showing geometry necessary dislocations in the low angle boundary. Parallel
arrows indicate two dislocation line directions; (f) bright field image showing dislocations
(as arrowed) stopped by the low angle boundary.

Figure 4: Bright-field images of an enlarged area in compressed pillar 0.4Y-B with
different g vectors showing dislocation with <c> Burgers vector. (a)(b)(d) BD~ [1210];
(c) BD~[0110]

Figure 5: (a) SEM image showing as-compressed 4Y-B pillar contains a (0111) slip
trace; (b) the corresponding TKD result indicates only a small twin exists in the deformed
sample.

Figure 6: (a) An overview bright field TEM image showing the primary dislocations lie
on the (0111) slip plane. (b)-(f) bright field images corresponding to the dashed squared
area in (a) under different conditions: (b)(c) BD~ [1123]; (d)-(f) BD~[0001]

Figure 7: (a) SEM image of the as-compressed pillar 4Y-C showing the (0001) slip trace.
(b) TEM bright field image of the as-compressed pillar. (c-d) Bright field images showing
basal <a> type dislocations indicated by red arrows. (e-f) Bright field images showing the
<c+a> dislocations in contrast in both g vectors of 0002 and 2110.

Figure 8: Dark field image of the <c+a> dislocations in pillar 4Y-C under g=0002 with
different tilting angles: (a) 10°; (b) -40°. (c) Schematic drawing showing two Pyra I planes

and one Pyra II plane sharing same Burgers vector; (d) Schematic drawing showing
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double cross-slip of <c+a> dislocation between Pyra I and Pyra II slip planes resulting
zig-zag shape dislocation lines.

Figure 9: Bright field image of <c> component dislocations in the 0.4Y-C compressed
pillar with a (1210) section.

Figure 10: Bright field images of <c+a> dislocations in 0.4Y-C pillar with a (1210)
section. Different beam conditions are used: (a)(c)(d) BD~[1210]; (b), BD~[0110]
Figure 11: (a-c) Bright field images of <c+a> dislocations in 0.4Y-C pillar with a
(0001) section TEM foil. (a) BD~[2113]; (b)(c), BD~[1213]; (d) Schematic drawing
shows a typical <c+a> dislocation loop in Pyra II plane.

Figure 12: The effect of Y content on ratios between CRSS for <c+a> pyramidal slip

and CRSS for <a> basal slip in Mg and Mg-Y alloys.
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