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In our previous study, we observed a lack of 10�12f g twinning in a deformed Mg–Y alloy, which contributed to
the observed yield “symmetry.” However, the effects of texture and grain size on polycrystalline deformation
made it difficult to fully understand why twinning was not active. Therefore, we report herein in-depth study by
in situ transmission electron microscopy, i.e., in situ TEM. The in situ deformation of nano-sized Mg–Y pillars
revealed that prismatic slip was favored over twinning, namely, the critical stress required to activate prismatic
slip was lower than that for twinning. This finding diametrically differs from that reported in other nano/micro-
pillar deformation studies, where twinning is always the dominant deformation mechanism. By measuring the
critical stresses for basal, prismatic, and pyramidal slip systems, this in situ TEM study also sheds light on the
effects of the alloying element Y on reducing the intrinsic plastic anisotropy in the Mg matrix.

Introduction
The profuse 10�12f g deformation twinning [1] and lack of

active slip systems [2] in common hexagonal close packed

(HCP) Mg alloys lead to plastic anisotropy [3] and poor

formability [4], which limits the potential applications of Mg

alloys as lightweight structural materials [5]. For example, in

deformation for pure Mg with a fiber texture, the compressive

yield strength (CYS) is much lower than the tensile yield

strength (TYS) due to profuse twinning at low stress during

compression [3]. The ratio of CYS/TYS is referred to as yield

asymmetry, which is not desirable in structural materials as the

materials often undergo both tension and compression loads.

One effective approach researchers have taken to suppress

twinning and/or enhance homogeneous deformation in Mg

alloys is reducing grain size [6, 7, 8, 9, 10, 11, 12]. On the one

hand, it is a general trend for twinning to be suppressed as

grain size decreases; on the other hand, however, it appears that

different alloy systems exhibit different degrees of suppression,

with decreasing grain sizes [8]. For example, a rare-earth

containing WE43 alloy exhibits slip dominant deformation

and a CYS/TYS value of 0.96 at a critical grain size of ;2.2 lm

[8]. Therefore, alloying elements, especially rare earth elements,

also play an important role in suppressing twinning and

enhancing homogeneous deformation in Mg alloys [7, 13, 14,

15, 16]. Among the rare earth elements, alloying element Y

has recently received particular attention [13, 15, 16, 17, 18, 19,

20] due to its possible effects of strengthening basal slip

[20], enhancing nonbasal slip [13, 19] and suppressing twin-

ning [15, 16].

In our previous study [21], we reported virtual yield

symmetry and significantly reduced strength differential [3]

in a fine-grained Mg 2.5 at.% Y alloy (FG Mg–2.5Y). These

unusual properties are mainly attributable to the ultrafine grain

size (;1 lm), modified texture, and the alloying effect of Y in

suppressing twinning and enhancing nonbasal slip. However, it

is difficult to differentiate the intrinsic alloying effect from the
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extrinsic effects (grain size, texture, etc.) even if the former were

to play a more important role than the latter. A survey of the

current literature reveals that micro/nano-pillar deformation

experiments are particularly informative [22, 23, 24, 25] for

studying deformation twinning [26, 27, 28, 29], dislocation/slip

activity [26, 27, 30, 31, 32, 33, 34], plastic anisotropy [35], and

the alloying effect [27, 32, 36], in Mg and Mg alloys. Therefore,

as a follow up to our previous study on the bulk FG Mg–2.5Y

alloy, in situ transmission electron microscopy (in situ TEM)

mechanical testing is employed, for the first time, to system-

atically investigate deformation behavior of Mg–Y nano-pillars,

in an attempt to further understand the alloying effect.

Results
Based on the electron back-scattered diffraction (EBSD) data

for target grains, Schmid factors for each possible deformation

mode, i.e., slip (basal, prismatic, or pyramidal) and twinning

( 10�12f g type), were calculated for each grain. Therefore, the

dominant deformation mode in each Mg–Y pillar machined

from the target grains was also inferred. The pillars could be

divided into three groups: (i) Pillars oriented for basal slip

dominated deformation, referred to as X-type pillars (analo-

gous to X-type grains in [21]). (ii) Pillars oriented for prismatic

slip or twinning dominated deformation, referred to as Y-type

pillars (analogous to Y-type grains in [21]). (iii) Pillars oriented

for compression, approximately along c-axis (Pillar Z), which

serve as a rare case.

Basal slip for X-type pillars

Figure 1 shows snapshots of the in situ deformation process

[Figs. 2(a)–2(l)] and the corresponding engineering stress–

strain curve [Fig. 2(m)] of one Mg–Y nano-pillar (Pillar X1, see

also Supplementary material Video #1). Particularly in

Fig. 2(a), EBSD data and electron diffraction patterns obtained

in TEM prior to deformation were combined to determine the

crystallographic orientation of the pillar. Therefore for Pillar

X1, the angle between the c-axis and loading direction (i.e., u

angle in [21]) was ;42°, meaning the pillar would most likely

be deformed by basal slip. The approximate trace of the basal

plane was highlighted by the red dashed line in Fig. 2(a).

Following the schematics in Fig. 2, the yellow dashed box

marks the initial position and shape of Pillar X1.

The prominent advantage of in situ TEM deformation is

that each snapshot corresponds to an actual point in the stress–

strain curve. For example, around point b and c, there were two

minor “jumps” in the curve; they actually corresponded to

localized deformation at the top corner of Pillar X1 during

initial stage of deformation, as can be seen in Figs. 2(b) and

2(c), respectively. However, deformation of the entire pillar did

not occur until around point d/Fig. 2(d), where a yield drop (or

a minimal “strain burst” [37]) probably occurred due to shear

deformation. Therefore, the yield stress in this study was

defined as the stress upon which the first yield drop occurred

due to shear deformation of the entire pillar. As deformation

progressed, the trace of shear deformation that likely corre-

sponded with basal slip became more visible [see Figs. 2(g)–

2(i)]. It was also noted that a new “shear zone” gradually

developed [Figs. 2(j) and 2(k)] away from the top of Pillar X1.

Eventually it was the sudden large shear in the new zone that

led to the failure of Pillar X1 [Fig. 2(l)]. Referring to the yellow

dashed box in (k), one can see that due to shear, the “top” of

Pillar X1 was displaced relatively to the top-left, whereas the

“bottom” was displaced correspondingly to the bottom-right

(see the red arrows): thanks to the lateral wiggling of the micro-

pillar underneath. In the meantime, one can also see the length

of Pillar X1 was significantly reduced as compared to its initial

shape [Fig. 1(k)], confirming the dominant uniaxial deforma-

tion. After failure, it was confirmed that the shear deformation

in both shear zones indeed occurred in the basal plane, as the

traces of the two zones [highlighted by two red dashed lines in

Fig. 2(l)] were nominally parallel with that of basal plane. In

addition, while the nano-pillar X1 experienced severe shear

deformation, the micro-pillar underneath elastically recovered,

returning the bottom part of X1 exactly to its initial position

outlined by the yellow dashed box in Fig. 2(l). The yield stress

of Pillar X1 was measured to be ;425 MPa, and the critical

resolved shear stress for basal slip (CRSSBasal hereafter) was

calculated to be ;200 MPa.

In addition to Pillar X1, two more single-crystal Mg–Y

pillars X2 and X3 were also quantitatively tested, and the yield

stresses were determined in the same manner. Table I summa-

rizes the data for X-type pillars. In the table, SF means Schmid

factor; hc 1 ai-I and hc 1 ai-II mean slip in pyramidal-I plane

and pyramidal-II plane, respectively. It is noted that in each

pillar, the Schmid factor for basal slip was always the highest

among all deformation modes. In addition, the slip trace

analysis reveals that basal slip was indeed the dominant

deformation mode in these pillars. Therefore, the average

CRSSBasal value based on yield stresses for the three pillars

was calculated to be ;210 6 20 MPa.

Prismatic slip for Y-type pillars

Similar to X-type pillars, the orientations of Y-type pillars were

determined based on EBSD data for the corresponding target

grains and electron diffraction in TEM. Figure 3 (see also

Supplementary material Video #2) shows an example of a Y-

type pillar Y1. Pillar Y1 was oriented for compression perpen-

dicular to c-axis [Fig. 3(a)], which would favor either prismatic

slip or 10�12f g deformation twinning [38]. The red dashed line

in Fig. 3(a) highlighted the trace of prismatic planes. As
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deformation progressed [Figs. 3(b) and 3(c)], shear deforma-

tion immediately occurred [Figs. 3(d) and 3(e)] after yield

[Fig. 3(c)]. By referring to the yellow dashed box and the red

arrows in Fig. 3(d), one can see the subtle lateral displacement

of Pillar Y1, namely, the “top” of Y1 was displaced slightly to

the bottom-right, whereas the “bottom” of Y1 was displaced

Figure 1: (a)–(l) In situ deformation process of Pillar X1. (m) Corresponding engineering stress–strain curve for Pillar X1.
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accordingly to the top-left: thanks again to the wiggling of the

micro-pillar underneath. Close examination of the pillar after

unloading in Fig. 3(f) revealed that a slip trace (red dashed line)

matched accurately with the trace of prismatic planes, as

highlighted in Fig. 3(a). Therefore, it was confirmed that Pillar

Y1 was deformed by prismatic slip. In addition, one can also

notice that after unloading [Fig. 3(f)], the bottom part of Y1

returned to its initial position due to elastic recovery of the

micro-pillar underneath; meanwhile, the top part of Y1 was

displaced slightly to the bottom-right, whereas the length of Y1

was significantly reduced due to the dominant uniaxial stress.

The yield stress of Pillar Y1 was measured to be ;665 MPa,

and the CRSS for prismatic slip (CRSSprism hereafter) was

calculated to be ;290 MPa.

In addition to Pillar Y1, two more single-crystal Mg–Y

pillars Y2 and Y3 were also quantitatively tested, and the yield

stresses were determined in the same manner. Following Tables

I and II summarizes the data for Y-type pillars. The average

CRSSprism value based on yield stresses for the three pillars was

calculated to be ;280 6 10 MPa. Three aspects are worth

noting: (i) Even though the Schmid factor for 10�12f g twinning

was comparable to that for prismatic slip, twinning was not

observed in any Y-type pillars. (ii) The Schmid factor for basal

slip was always the lowest for each Y-type pillar. Considering

that the average CRSSBasal value was ;210 MPa obtained from

X-type pillars, basal slip could not have been active in the Y-

type pillars as the required stress for that would have been

much higher than the yield stress in each Y-type pillar. (iii).

However, the Schmid factor for pyramidal slip is similar to, or

sometimes even higher than, that for prismatic slip. Consider-

ing that both CRSSprism and CRSSPyram (meaning CRSS for

pyramidal slip) would generally be much higher than CRSSBasal
in Mg or Mg alloys [35, 38, 39], it is acknowledged that

pyramidal slip was not completely ruled out in the Y-type

pillars, unless deformation of pillars predominantly by pyra-

midal slip are investigated, e.g., c-axis compression [30, 31, 32,

40].

Rare case: Pillar Z oriented for c-axis compression

In the case of a bulk material with weak basal texture [21],

statistically, it is easy to locate X-type target grains (i.e., with

their c-axis inclined relative to the Z direction/in situ com-

pression direction), relatively more difficult to find Y-type

grains (i.e., c-axis perpendicular to the Z direction); and most

difficult to identify a grain with its c-axis parallel to the Z

direction. Therefore, only one such grain (Grain Z hereafter)

was located herein, and only one pillar (Pillar Z) was machined

from Grain Z, as shown in Fig. 4 (see also Supplementary

material Video #3). Similar to previously mentioned pillars, the

initial localized deformation at the pillar corner [Figs. 4(b) and

4(c)] led to minimal jumps in the stress–strain curve [point b

and c in Fig. 4(j)], whereas yield of the entire pillar occurs

around point d. Subsequent deformation led to sudden shear/

failure of the pillar [Figs. 4(e)–4(h)]. In Fig. 4(h), referring to

the red arrows, one can see the top of Pillar Z was displaced

relatively to top-left, whereas the bottom of Z was displaced

correspondingly to bottom-right. In addition, referring to the

yellow dashed box in Figs. 4(h) and 4(j), respectively, one can

also see the significantly reduced pillar length due to dominant

uniaxial deformation. Nevertheless, unlike Pillar X1 or Y1, clear

Figure 2: Schematic illustration of the “pillar-on-pillar” design. (a) The dark
blue nano-pillar sits on the light blue micro-pillar, with the black indenter on
top and the base bulk material at the bottom (also dark). The small and large
yellow dashed boxes mark the initial positions of the nano- and micro-pillars,
respectively, whereas the red dashed line represents the loading axis. (b) As
indentation progresses and shear event occurs (see the red arrow beside the
nano-pillar), the top of the nano-pillar remains attached to the indenter due to
LS. Meanwhile, the bottom of the nano-pillar is able to move to the right due
to the slightly elastic “wiggling” of the micro-pillar (see the red arrow beside
the micro-pillar), thus compensating the lateral movement necessitated by the
shear. (c) After the shear event and the unloading of the indenter, the micro-
pillar elastically wiggles back to its initial position (i.e., large yellow dashed
box), enabling the bottom part of the nano-pillar to also return to its initial
position (i.e., small yellow dashed box), whereas the top part has been sheared
to the left (see the red arrow).

TABLE I: Summary for X-type pillars.

Pillar ID u angle SF (basal) SF (prismatic) SF (hc 1 ai-I) SF (hc 1 ai-II) SF ( 10�12f g twin) Yield stress (MPa) CRSS (MPa)

Pillar X1 ;42° 0.47 0.22 0.40 0.28 NA ;425 ;200
Pillar X2 ;50° 0.48 0.29 0.34 0.20 NA ;415 ;200
Pillar X3 ;56° 0.43 0.33 0.28 0.16 NA ;525 ;230
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slip trace(s) could not be discerned in deformed Pillar Z, which

was probably caused by multiple active slip systems considering

there are 12 independent pyramidal slip systems in Mg [41].

The mechanical data for Pillar Z were summarized in

Table III. Since the yield stress was ;860 MPa, considering the

values of CRSSBasal (;210 MPa) and CRSSprism (;280 MPa),

and the corresponding Schmid factors (0.15 and 0.01, re-

spectively); it is unlikely that basal or prismatic slip was active

in Pillar Z. Therefore, the dominant deformation mode must be

pyramidal slip (i.e., hc 1 ai slip), and the corresponding CRSS

value (CRSSPyram hereafter) was calculated to be ;420 MPa.

Discussion
Prismatic slip dominates deformation in Y-type
Mg–Y pillars

The most striking result from the in situ TEM study herein was

that prismatic slip dominated the deformation, whereas 10�12f g
twinning did not occur in Y-type pillars (namely, compression

perpendicular to c-axis). In fact, the pillars could be deformed

by prismatic slip up to any strain level (5%, 10%, 20%, etc.),

even to failure. There was no sign of deformation twinning at

any point of deformation. This finding was diametrically

different from other micro/nano-pillar deformation study

reported in the literature for single-crystal pillars of either

pure Mg [27, 28, 29, 42] or Mg alloy [27, 36], where twinning is

always the dominant deformation mode under similar in-

dentation conditions. For example, twinning was still the

dominant deformation mode in Mg–Zn pillars strengthened

by nano-spaced precipitates [36]. This finding also confirmed

the deformation mechanisms for the bulk FG Mg–2.5Y alloy

previously reported [21], where it was revealed that Y-type

grains (from which Y-type pillars were machined from) were

deformed primarily by prismatic slip instead of twinning.

It is noted that in Y-type Mg–Y pillars, prismatic slip rather

than twinning dominated deformation under ideal Schmid’s

law governed deformation conditions. However, in polycrys-

talline deformation for bulk FG Mg–2.5Y, local stress fluctu-

ation/concentration, especially at grain boundaries [43, 44],

may still cause twinning to occasionally occur [21, 45].

Similarly, recent studies on the effect of rare-earth alloying

TABLE II: Summary for Y-type pillars.

Pillar ID u angle SF (basal) SF (prismatic) SF (hc 1 ai-I) SF (hc 1 ai-II) SF ( 10�12f g twin) Yield stress (MPa) CRSS (MPa)

Pillar Y1 75° 0.25 0.44 0.42 0.44 0.42 ;670 ;290
Pillar Y2 87° 0.06 0.48 0.49 0.42 0.44 ;570 ;270
Pillar Y3 88° 0.04 0.49 0.50 0.49 0.38 ;590 ;290

Figure 3: (a)–(f) In situ deformation process of Pillar Y1. (g) Corresponding
engineering stress–strain curve for Pillar Y1.
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elements (including Y) in suppressing twinning based on

polycrystalline deformation [13, 14, 15, 16] revealed that, on

the one hand, twinning was indeed more or less suppressed,

whereas nonbasal slip was enhanced [13, 14], especially when

compared with that in polycrystalline pure Mg. On the other

hand, some twins could still be observed [13, 14, 15, 16].

Therefore, the polycrystalline “environment,” besides the var-

iations in grain size or texture, would complicate the

Figure 4: (a)–(i) In situ deformation process of Pillar Z. (j) Corresponding engineering stress–strain curve for Pillar Z.

TABLE III: Summary for pillar Z.

Pillar ID u angle SF (basal) SF (prismatic) SF (hc 1 ai-I) SF (hc 1 ai-II) SF ( 10�12f g twin) Yield stress (MPa) CRSS (MPa)

Pillar X1 7° 0.15 0.01 0.49 0.49 NA ;860 ;420
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deformation mechanisms in each grain. This, in turn, demon-

strates that in situ deformation plays an essential role in

investigating intrinsic alloying effect on deformation

mechanisms.

Nevertheless, even though phenomenologically we ob-

served a lack of twins in deformed polycrystalline bulk material

Mg–Y, as well as confirmed the fact that prismatic slip rather

than twinning dominated deformation by in situ TEM study,

fundamental questions concerning twinning mechanism(s)

remain to be addressed: Why are twins profuse in pure Mg?

How does a twin nucleate? Why did prismatic slip replace

twinning in Mg–Y? In fact, our ongoing study on fundamental

twinning mechanism(s) in pure Mg suggests that hci/hc 1

ai dislocations are probably required for twin nucleation.

Therefore, according to in situ deformation data for Mg–Y,

since CRSSPyram (;420 MPa) was much higher than CRSSBasal
(;210 MPa) and CRSSprism (;290 MPa), whereas CRSSprism is

comparable to CRSSBasal, if prismatic slip and basal slip are

active enough to accommodate deformation, there is no need

to activate pyramidal slip/hc 1 ai dislocations; thus, the

preceding dislocation structure for twin to nucleate would

not be available. Indeed, active hc 1 ai slip was not docu-

mented in deformed bulk FG Mg–2.5Y [21]. In addition, Jeong

et al. recently reported elegant in situ TEM study on twinning

and prismatic slip in pure Mg, suggesting a pile-up of localized

prismatic hai dislocations may act as a precursor for twin

nucleation [46]. Conversely, one may infer that if prismatic

hai dislocations were more mobilized by certain alloying

elements (i.e., Y), prismatic slip would simply “keep going,”

replacing twinning as the dominant deformation mode. Jeong

et al. also investigated the rate dependency of prismatic slip and

twinning in pure Mg pillars. They found out twin nucleated

much earlier and faster at a higher strain rate (i.e., 10�2/s),

whereas at a lower strain rate (i.e., 10�4/s), precursor prismatic

slip lasts longer and twin had a “delayed” nucleation. In

comparison, our in situ deformation was performed with

a 2 nm/s indentation rate. It corresponded to a ;2.5 �
10�3/s quasi-static strain rate, in an effort to mimic conven-

tional mechanical test condition for bulk materials. For all Y-

type pillars deformed under this strain rate, the deformation

process was dominated by prismatic slip, without any sign of

deformation twinning.

Reduced plastic anisotropy in Mg–Y

Based on in situ deformation data for Mg–Y pillars, another

remarkable finding was that the plastic anisotropy A(D),

defined as A(D) 5 CRSSnon-basal/CRSSBasal [35], was as low

as ;1.4 based on CRSSprism/CRSSBasal. This value was even

lower than the theoretical lower bound value (;2) in pure Mg,

let alone being much lower than that for bulk Mg or Mg alloys

(10–100) [35]. It is noted that this theoretical lower bound was

calculated based on the generalized stacking fault energy curves

for basal, prismatic, and pyramidal slip in pure Mg; therefore,

the theoretical CRSS values for the three slip systems were

calculated to be 1.30, 1.99, and 2.62 GPa [35]. Based on in situ

deformation for different sizes of pure Mg samples, Yu et al.

reported that [35] only as the sample size was reduced below

a critical value of;100 nm, would the A(D) value approach the

theoretical lower bound (;2), whereas even for samples with

sizes between 200 and 400 nm (where the size of Mg–Y pillars

falls in), A(D) would remain large (values not specified [35]).

Nevertheless, although in situ deformation could quantify

the CRSS values (Tables I–III) with reasonable accuracy, it was

difficult to unveil the underlying atomistic mechanisms re-

sponsible for the reduced A(D) value (i.e., plastic anisotropy)

via experiments. Therefore, atomic/subatomic modeling study

on alloying effects may provide some insight into this issue. A

systematic study by Yasi et al. had revealed that while solute

atom Y significantly strengthens basal slip by both strong

solute–dislocation interaction (i.e., geometrical effect) and

chemical bonding [20], the solute atom Y also enhances

prismatic slip by producing stable prismatic screw dislocation

cores and reducing the stress needed for cross-slip (i.e., from

basal plane to prismatic plane) [19]. Consequently, plastic

anisotropy, as characterized by A(D) 5 CRSSprism/CRSSBasal, is

indeed reduced. Unfortunately, this kind of systematic study on

alloying effects is not available for pyramidal slip yet, so results

may vary on whether the value of CRSSPyram/CRSSBasal is

reduced or not [47, 48].

Therefore, we carried out preliminary calculation for CRSS

values for Mg–Y alloy(s) based on the DFT data reported by

Pei et al. [48], and the results are as following: CRSSBasal ;1.86

GPa (based on Mg47Y supercell), CRSSprism ;0.78 GPa (based

on Mg55Y supercell), CRSSPyram ;2.12 GPa (based on Mg47Y

supercell). These calculated results qualitatively agree with our

in situ deformation data in that the A(D) value is significantly

reduced as compared to that in pure Mg: A(D)5 0.42 based on

CRSSprism/CRSSBasal, and A(D) 5 1.14 based on CRSSPyram/

CRSSBasal. Therefore, it is suggested that the presence of Y

alloying element in the Mg lattice not only suppresses twinning

activity but also reduces significantly the intrinsic plastic

anisotropy of Mg. Consequently, Mg–Y alloy(s) should exhibit

more homogeneous deformation, as reported in a previous

study [21] and recent literature [13, 15, 16, 47]. It is

acknowledged that the calculated value of CRSSprism is much

lower than that for CRSSBasal, which is different from exper-

imental data. The likely reason is that CRSSprism is calculated

based on Mg55Y supercell, whereas CRSSBasal and CRSSPyram
are based on Mg47Y supercell. Another reason is the size effects

for micro/nano-pillar deformation, which will be elaborated in

the following discussion.
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Size effects and alloying effects on basal slip

It is acknowledged that size effects (i.e., “smaller is stronger”)

[24] were not the focus of our investigation. In fact, due to the

ultrafine grained microstructure in the bulk material, we were

not able to make pillars with larger sizes while ensuring they

remained single crystal. Instead, we designed the as-large-as-

reasonably-achievable pillar size with three distinctive orienta-

tions to focus our study on alloying effects. Therefore, our

discussion on possible size effects is based on comparison with

the available data in the literature. As mentioned in section

“Prismatic slip dominates deformation in Y-type Mg–Y pil-

lars”, for micro/nano-pillars of Mg/Mg alloys with orientations

similar to that of Y-type Mg–Y pillars, deformation is always

dominated by twinning. Therefore, even though the average

CRSSprism value is available for the Mg–Y pillars herein, there is

no frame of reference available in the literature concerning the

value(s) of CRSSprism, let alone the influence of size effects on

CRSSprism. Consequently, discussion on possible size effects in

Mg–Y pillars would be focused on basal slip (i.e., X-type pillars,

Table I). A survey of the literature reveals that “size effects” are

essentially correlated with the availability of dislocation sour-

ce(s) and with the source length when limited by the sample

size, especially in nano-pillars [24]. Consequently, several cases

arise:

(i) When there are virtually no preexisting dislocations in

pillars machined from pristine raw materials, new

dislocations must be nucleated from the pillar surface to

accommodate plastic deformation. Therefore, the

smaller the pillar size d, the higher the stress required to

nucleate dislocations [24, 35].

(ii) For nano-pillars machined from pure raw materials

(i.e., no solute or precipitation strengthening), if they

contain limited amount of preexisting dislocations, the

dislocations would rapidly escape from pillar surface

upon initial deformation, i.e., the so-called mechanical

annealing or dislocation starvation. As a result, similar

dislocation source-mediated size effects lead to

strengthening during subsequent deformation [49, 50].

(iii) However, if the density of preexisting dislocations is

sufficiently high and/or the pillar sizes are larger than

the mean free path of dislocations, the interactions

between these dislocations would lead to multiplication;

thus, the size effects may be overshadowed [40].

Moreover, for pillars with very high initial dislocation

density, forest strengthening may replace size effects as

the dominant strengthening mechanism [49].

(iv) For pillars with alternative dislocation source(s) and/or

intrinsic strengthening mechanisms (e.g., solute or

precipitation), the size effects may also be

overshadowed. For example, in pillars machined from

a Ni-based alloy strengthened by nano-spaced oxide

dispersions, the strength of the pillars with different

sizes remains approximately the same as the strength of

the bulk material [51].

Therefore, for the X-type Mg–Y pillars herein, many of the

abovementioned factors may play a role: reduced sample size,

various amounts of preexisting dislocations (as characterized in

detail previously [21]), the presence of solute Y atoms, and

possible local clustering of Y atoms [52]. However, it was not

clear how these strengthening factors were coupled. For

example, the CRSSBasal value of Mg–Y pillars was ;210 MPa,

which was surprisingly lower than that for pure Mg pillars

(;270 MPa) of similar size [27], especially when the alloying

element Y is known for increasing CRSSBasal in bulk Mg [20].

In fact, theoretical calculation revealed that with;1.6 at % Y in

Mg (atom probe tomography data from [21]), the predicted

value of CRSSBasal for the bulk Mg–Y should be at least ;100

MPa [20], namely, for Mg–Y pillars, the lower-bound of

CRSSBasal value is ;100 MPa in the extreme case of resembling

solute-strengthened bulk deformation, whereas the upper

bound is ;270 MPa in the extreme case of surface dislocation

nucleation dominated deformation. Therefore, the actual de-

formation process for Mg–Y pillars might be the combination

of the two extreme cases, whereas it is still an outstanding

challenge to determine how these two cases/mechanisms would

couple.

Conclusions
As part of a multiscale investigation on yield symmetry and

reduced strength differential in an FG Mg–2.5Y alloy, our in

situ TEM study provided critical evidence in explaining the

bulk properties and deformation mechanisms. In addition,

this study also revealed some peculiar and important in-

trinsic properties of Mg–Y alloy, which are informative for

alloy design. The key findings and conclusions are as

following:

(1) Prismatic slip rather than twinning dominated

deformation for Mg–Y pillars deformed perpendicular

to the c-axis. This finding diametrically differed from

current literature, where twinning is always the

dominant deformation mode for pillars of Mg or Mg

alloys under similar deformation conditions. It also

provided a fundamental explanation for the “lack of

twins” in deformed bulk FG Mg–Y alloy.

(2) In addition, alloying element Y reduces the intrinsic

plastic anisotropy A(D) of Mg from 10 to 100 to just

;1.4, breaking the theoretical lower limit of A(D) for

Mg (;2). Therefore, the combined effects of Y element

on suppressing twinning and reducing plastic
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anisotropy led to a more homogeneous deformation of

the bulk material.

(iii) Possible size effects on basal slip were also discussed. It

was inferred that the strength of basal slip in Mg–Y

pillars was the coupled contribution from size effects

and Y-solute strengthening.

Experiments
Sample preparation for in situ TEM

A review of the literature related to in situ deformation of

single-crystal nano-pillars showed that the pillars were often

prepared by grinding thin foils from single-crystal bulk

materials [53, 54, 55], or coarse-grained bulk materials [25,

27, 56], or deposited thin films [57], followed by focused ion

beam (FIB) milling. Therefore, generally multiple pillars could

be sectioned just from one coarse-grain/single crystal with

desired orientation. However, since the goal of the in situ TEM

study herein is to investigate the deformation behavior of Mg–

Y pillars with various orientations prepared from the as-

extruded, fine-grained bulk material (FG Mg–2.5Y, see details

in [21]), several challenges arose: (i). As-large-as-possible pillar

size is needed in an attempt to alleviate the strong sample size

effects [35] so that the alloying effect of Y could possibly be

investigated. Considering the FG microstructure of the bulk

material, in an attempt to obtain single-crystal pillars, the pillar

dimensions were designed as ;250 nm (width) by ;250 nm

(thickness) by ;750 nm (length), unless otherwise specified.

(ii). Multiple grains with desired orientation(s) must be

identified by EBSD mapping in a scanning electron microscope

(SEM), since at best only one single-crystal nano-pillar could be

sectioned from each grain. Therefore, a reasonably large area

containing thousands of grains needs to be scanned by EBSD,

yet the area could not be too large, otherwise the length of time

for machining the pillars by FIB would be too long. (iii).

“Target” grains must be accurately marked, and the positioning

of the sample for EBSD, FIB, and TEM must be executed with

care.

Therefore, significant efforts were devoted to developing

the optimal sample preparation routes for the in situ TEM

studies. While a few pillars were prepared following the general

route described in the literature [25], most of the pillars in this

study were prepared from wedge-polished thin foil through the

route illustrated in Fig. 5. Slices of ;500 lm were sectioned

from the as-extruded FG Mg–Y bar using a wire saw with

minimal speed and load. Then, parallel grinding/polishing and

wedge polishing were carried out using the Allied MultiPrep

tool (Allied High Tech Products, Inc., Rancho Dominguez,

Figure 5: (a) Schematic illustration for preparation of cross-section. (b) macroscopic SEM view of ion polished cross-section. (c) Enlarged SEM view of a selected
area with deposited W as markers. (d) EBSD map corresponds to (c), showing examples of target grains in white boxes. (e) Examples of W markers/protection layers
deposited on target grains.
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California). It was noted that all polishing procedures were

finished with the finest lapping film (0.1 lm) to minimize

damage. The wedge side was cross-section polished by either

Ar1 ion milling (JEOL cross-section polisher SM-09010) or

focused ion beam (FIB, FEI Strata 235 or FEI Scios); in this

way, the width of the cross-section area could be controlled by

varying the amount of material to mill away. After several

trials, a width of ;40 lm [see Figs. 5(b) and 5(c)] was chosen

to encompass a statistically large-enough amount of grains

while avoiding the high cost of subsequent machining of a large

width/area by FIB. Then, a selected area was marked by

depositing a few thin lines of tungsten (W) using FIB

[Fig. 5(c)]. The corresponding EBSD (Oxford Instruments)

map is shown in Fig. 5(d). The rainbow color code is based on

the angle (u angle hereafter, analogous to the u angle in [21])

between the c-axis of each grain and the Z direction, namely,

the loading direction for subsequent in situ deformation, as

shown in Fig. 5(c). Based on the u angle, several grains were

selected [Fig. 5(d)], and subsequently marked with W deposits.

Figure 5(e) shows examples of square-shaped W deposits on

the top of target grains. These deposits also serve as protective

layers for subsequent FIB milling. It is noted that the broad

Ar1 beam cross-section polisher is an ideal instrument for our

sample preparation route because (i) it polishes a fairly large

(up to several mm2) cross-section area [see Fig. 5(b) e.g.,] so

that multiple grains with desired orientations could be located

and (ii) the polishing quality is excellent as EBSD maps such as

Fig. 5(d) have a hit rate of up to 70%.

Subsequently, Mg–Y nano-pillars were machined from

marked grains using FIB [27]. A typical pillar is shown in the

SEM view [Fig. 6(a)] and TEM view [Fig. 6(b)]. The correspond-

ing coordination system is inserted to guide the eye as the

viewing plane changes from the cross-section EBSD view to an

SEM/TEM view. In situ deformation for all Mg–Y nano-pillars

was performed in a JEOL 3010 TEM (operated at 300 KeV)

equipped with a Gatan Orius CCD camera and a Hysitron PI-95

Pico-indenter system [27], under displacement-control mode

with a loading rate of ;2 nm/s (corresponding to a ;2.5 �
10�3/s quasi-static strain rate). In Fig. 6(b), one might notice

a thin layer of FIB damage, which is inherently inevitable in

nano-pillar preparation using FIB. Jeong et al. demonstrated that

by annealing the as-FIB-prepared pure Mg pillars at elevated

temperature, they were able to achieve almost damage-free

pillars. However, one primary goal of this in situ deformation

study was to reveal the effects of super-saturated solid solution Y

element on deformation mechanisms in the as-extruded Mg–Y

material. Therefore, any heat treatment for the bulk material or

the pillars may alter the solid solution/clustering condition of Y

atoms, thus forfeiting meaningful comparison.

Pillar-on-pillar design to mediate LS

One can note in Figs. 6(a) and 6(b) that the in situ TEM

samples were made in the way that a nano-pillar sat on

a micro-sized “pillar.” This setup was used to mediate the

inherent lateral stiffness (LS) in nano/micro-pillar compression

experiment. In compression testing for bulk materials, lubri-

cants (e.g., graphite) are often applied to the top and bottom

surfaces of the compression sample to prevent the sample from

getting attached to the testing machine during deformation.

However, in micro/nano-pillar compression, there is inevitable

friction between the top surface of a pillar and the indenter

during indentation, as well as nano-plasticity exposing fresh

material that can easily adhere to the compression platten. If

shear deformation was to occur analogous to deforming bulk

material, the top surface of the pillar has a tendency to shift

laterally but is not able to due to the friction. Essentially, the

pillar is laterally confined at least during the early stage of

compression. This LS would make accurate interpretation of

deformation data complicated [58, 59], especially for the less

symmetric deformation of HCP Mg [58]. In recent years,

researchers have come up with customized experimental setups

[60, 61, 62, 63], enabling free lateral movements of the

indenter, thus mediating LS.

Considering the limited access to such customized indenter

systems enabling free movements for the top of pillars, Kiener

et al. [64] came up with an alternative approach in that they

FIB milled a Cu micro-pillar out of the tip of an etched Cu

needle. In this way, the bottom of the pillar was free to move

laterally by the slightly elastic “wiggling” of the long needle,

thus effectively mediating LS. Comparing the deformation

behavior of this pillar design with that of commonly prepared

pillars having strong LS, they revealed that LS generally lead to

artificially higher shear stresses. Specifically, LS played an even

more important role for pillars oriented for single slip [64], as it

may impede or delay the apparent shear of the pillar (i.e.,

occurrence of distinct slip trace).

Analogous to the “pillar-on-needle” design by Kiener et al.

[64], the “pillar-on-pillar” design for Mg–Y nano-pillars herein

would also effectively mediate LS, as schematically illustrated inFigure 6: SEM (a) and TEM (b) views of a typical pillar.
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Fig. 2. In Fig. 2(a), the dark blue nano-pillar sits on the light

blue micro-pillar, with the black indenter on top and the base

bulk material at the bottom (also dark). The small and large

yellow dashed boxes mark the initial positions of the nano- and

micro-pillars, respectively, whereas the red dashed line repre-

sents the loading axis. In Fig. 2(b), as indentation progresses

and shear event occurs (see the red arrow beside the nano-

pillar), obviously the top of the nano-pillar remains attached to

the indenter due to LS. Meanwhile, the bottom of the nano-

pillar is able to move to the right: thanks to the slightly elastic

“wiggling” of the micro-pillar (see the red arrow beside the

micro-pillar), thus compensating the lateral movement neces-

sitated by the shear. Note that while the top of the nano-pillar

remains aligned with the initial loading axis, the bottom of the

nano-pillar and the whole micro-pillar are able to depart

slightly from the initial loading axis, i.e., their initial positions.

In Fig. 2(c), after the shear event and the unloading of the

indenter, the micro-pillar elastically wiggles back to its initial

position (i.e., large yellow dashed box), enabling the bottom

part of the nano-pillar to also return to its initial position (i.e.,

small yellow dashed box), whereas the top part has obviously

been sheared to the left (see the red arrow).
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