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ABSTRACT

By introducing heterogeneous lamella-structure, we obtained a superior strength-ductility synergy
in Mg-alloy associated with excellent strain-hardening ability, i.e. yield strength of ~ 251 MPa, tensile
strength of ~ 393 MPa and elongation of ~ 23%. By using advanced characterization techniques,
we showed that strengthening was mainly caused by the non-uniform distribution of hetero-
deformation induced (HDI) stress associated with grain-boundary disclinations, which are mediated
by heterogeneous multi-grain interactions. Induced by grain-boundary disclinations and intergranu-
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lar slip transfers, a variety of abnormal deformation modes have been activatediijNwhich contributed
significantly to enhanced ductility. This work suggests a new avenue to evade strength-ductility

trade-off dilemma in Mg-alloys.
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The heterogeneous lamella-structure leads to sustained strain-hardenability in Mg-alloy with unique
accommodating deformation modes (extensive abnormal < c+a > slips and feather-shaped twins),
induced by grain-boundary disclinations and intergranular slip transfers.

1. Introduction

As the lightest metallic materials with low density and
high specific strength, magnesium (Mg) alloys have
attracted considerable attentions with extensive applica-
tion prospects in the transportation, aerospace and elec-
tronics industries [1,2]. However, one of the critical issues
in high-strength Mg-alloys is the lack of ductility, which
is due to limited easily activated slip modes in hexag-
onal close-packed (HCP) magnesium. To achieve high
strength in Mg-alloys, conventional strengthening meth-
ods include precipitation hardening, grain refinement
and introducing strong basal texture, but all of them are at
the expense of ductility [3]. For typical high-strength Mg-
alloys with ultimate strength of around 400 MPa (such

as AZ80 [4,5] and AZ91 [6,7]), their ductility usually
ranges from ~ 2 to 13%. It is a great challenge to develop
Mg-alloys with superior synergy of strength and ductility.

One of the most promising design strategies to
evade the strength-ductility dilemma is introducing
microstructural heterogeneities in materials [8]. One typ-
ical example is gradient-structured steel, which exhibits
not only a large tensile fracture elongation of ~55%,
comparable to that of the homogeneous coarse-grained
(CG) sample, but also yield strength of ~200 MPa that
is ~2.6 times as high [9]. Caused by multi-grain inho-
mogeneity and strain gradient near domain interfaces,
high strength and high ductility can be achieved simul-
taneously with hetero-deformation induced (HDI) stress
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strengthening and hardening [8]. However, due to the
lack of activedeformation modes, hetero-structured Mg-
alloys can hardly achieve more than ~ 18% elongation
[10-12]. For example, the yield strength and ultimate
tensile strength of gradient-structured AZ31 Mg-alloy
canreach ~240 and ~ 325 MPa, respectively (compared
with ~188 and ~260 MPa for uniform CG counter-
part), with a significant downgrade of fracture elonga-
tion from ~17% to ~6% [11]. In particular, when the
hetero-structured Mg-alloys possess high yield strength
and tensile strength of ~ 250 and ~ 350 MPa, their duc-
tility will prominently decrease to ~ 10%, close to that of
high strength fine-grained (FG) Mg-alloys [13-15]. Even
though efficient strengthening can be realized in hetero-
grain structured Mg-alloys, it is still difficult to enhance
ductility effectively, which usually requires the activation
of a large variety of deformation modes in both CGs and
FGs, such as non-basal slips or slip systems with low
Schmid factor.

In the present work, we obtained a novel het-
erogeneous lamella-structured Mg-9Al-1Zn-1Sn alloy
(denoted as HL-Mg-alloy) using simple rolling and pre-
cisely controlled annealing process. The HL-Mg-alloy
features alternating micro CG and FG layers, and exhibits
impressive strength-ductility synergy, i.e. a high yield
strength of ~251 MPa, tensile strength of ~393 MPa
and superior ductility of ~23%. Through scanning elec-
tron microscope (SEM), quasi-in-situ electron backscat-
tered diffraction (EBSD) and transmission electron
microscope (TEM) characterizations, the strain gradient
near hetero-interface/grain-boundaries (GBs) has been
quantified by calculating GB disclinations. It has been
found that strengthening is mainly caused by the non-
uniform distribution of intragranular dislocations and
HDI-stress associated with disclinations, which are medi-
ated by heterogeneous multi-grain interactions. A large
amount of abnormal deformation modes has been acti-
vated, e.g. low Schmid factor pyramidal <c+a> slips
and inhomogeneous feather-shaped twins, induced by
GB disclinations and intergranular slip transfers, which
are critical to accommodate both global and local strain
(e.g. between CGs and FGs). By introducing lamellar
hetero-grain structure to control inter/intra-grain defect
distributions (e.g. dislocations, disclinations and twins),
our work provides a new insight into the design of Mg-
alloys possessing both high strength and high ductility.

2. Materials and methods

The hard-plate rolling (HPR) process that added hard
plates (made of hardened steel ~50 HRC, thickness of
1 mm) between rolls and sample during rolling [16] was
applied to prepare the HL-Mg-alloy. The commercial

extruded Mg-9Al-1Zn-1Sn (wt.%) sheet of 5 mm thick
was preheated at 573 K for 15 min and rolled to 1 mm
with one-pass reduction of 80% using HPR, followed by
annealing at 573 K for 290 s, to prepare the HL-Mg-alloy.
Details of tensile tests and microstructural characteriza-
tions including SEM, EBSD and TEM are presented in
Section 1 of Supplementary Material. For comparison,
the Mg-alloy with the same composition was prepared by
multi-pass rolling followed by varying annealing param-
eters to obtain CG and FG counterparts (Supplementary
Figure S1, Section 2 of Supplementary Material).

3. Results and discussion

3.1. Heterogeneous lamella-structure and tension
properties

Here we report a heterogeneous lamella-structure in
an Mg-9Al-1Zn-15n alloy prepared by HPR and pre-
cisely controlled annealing. Figure 1(a) displays a typi-
cal low-magnification inverse pole figure (IPF) map of
the annealed sample, showing a heterogeneous lamella-
structure, consisting of FGs interspersed with CG lay-
ers. The average grain-sizes of CG and FG layers are
~8.9 and ~ 1.6 pm, respectively (Figure 1(b)). The CG
and FG layers exhibit similar basal-type texture spread-
ing along rolling direction (RD) and comparable maxi-
mum intensity of ~9-11 multiple random distribution
(m.r.d.) (Figure 1(c)). The special HL structure is formed
by the interplay of heterogeneous dynamic recrystalliza-
tion (Figure 1(d,e)) and inhomogeneous pinning effect
caused by Mgj7Al;, formed along GBs. That is the high-
density Mg;7Al;, particles at GBs in the FG layer, com-
pared with the low-density Mg;7Al;, particles in CG
layer (Figure 1(f-i)). The formation mechanism of spe-
cial heterogeneous lamella-structure is further discussed
in Section 3 of Supplementary Material. For comparison,
the microstructure of CG and FG samples are shown in
Supplementary Figure S1.

Figure 2(a) shows engineering stress—strain curves at
room temperature of the HL-Mg-alloy, together with uni-
form CG and FG counterparts. The HL sample exhibits
not only a large elongation (¢ ~23+1.1%) that is
superior to the CG counterpart, but also a high yield
strength (092 ~2514+3MPa) and ultimate strength
(ous ~393+£5MPa). Furthermore, the large ultimate-
yield strength difference (ous-092) up to ~ 140 MPa
suggests a strong strain-hardening ability, which even
exceeds the CG counterpart (Figure 2(a)). Despite a rel-
atively high alloying content (>9 wt.%), the present
HL-Mg-alloy is more ductile than those FG Mg-alloys
with similar yield strength (Figure 2(b)), being especially
promising for developing reliable engineering materials.
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Figure 1. (a) The low-magnification IPF map of HL-Mg-alloy; (b) The grain-size distribution in FG and CG layers. (c) The (0002) PFs of the
FG and CG layers, respectively. (d) and (e) The IPF maps of as-rolled sample and as-annealed sample. (f) and (g) The high-magnification
IPF and corresponding SEM microstructure of typical region. (h) and (i) TEM analysis showing Mg17Al; particles mainly distributed along
GBs of FGs.
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Figure 2. (a) Engineering stress—strain (o—¢) curves of CG, FG and HL samples and LUR o —€ curve of HL sample under tension along RD;
the inset of a shows HDI-stress and HDI/strain-hardening curves of HL sample. (b) Comparison of yield strengths and fracture elonga-
tions of the present HL-Mg-alloy (indicated by star) with representative AZ91 Mg-alloys processed by accumulative rolling bonding (ARB)
[24,25], equal channel angular process (ECAP) [26-28], extrusion [29-31], high-ratio differential speed rolling (HRDSR) [6,7], and wrought
AZ80 [4,5,32], AZ31 [33-36], gradient-structured [10-12] and bimodal-structured Mg-Al-Zn alloys [19-21] reported in literature.

Also, the remarkable strength-ductility combination is
superior to the gradient- and bimodal-structured Mg-Al-
Zn alloys [10-12,15,17-21] (Figure 2(b)).

From the unloading-reloading hysteresis loop (Figure
2(a)), we can calculate the HDI-stress (oygpi) values to
evaluate the contribution of HL structure to strength-
ening and hardening. The method was proposed by
Zhu and Yang et al. [22], and oppy is defined as the
average value of o, and o, where o, is the unload-
ing yield stress and o, is the reloading yield stress at
unloading-reloading loop, respectively. Each yield point
is defined as the point which has a 5% reduction in slope

from the effective elastic modulus [22]. As follows:

onpr = 25 (1)
The inserted graph in Figure 2(a) presents the oppp
with increasing strain, as well as the total strain-
hardening rate (Otta) = dof/de) and HDI-hardening
rate curve (®pp; = doypi/de). According to litera-
ture [23], it is more reasonable to employ OHpI/0f
(of denotes flow stress) for evaluating the contribution
of oypr to strengthening (insert in Figure 2(a)). The
high average oppi/of value approaching to ~ 56% sug-
gests substantial HDI-strengthening effect in the HL
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structure. Meanwhile, the sustained and prominent HDI
hardening associated with GNDs accumulation during
hetero-deformation, especially at early stage, is benefi-
cial for excellent strain-hardening ability (Figure 2(a)).
The above results demonstrate that HDI strengthening
and hardening contribute significantly to the superior
mechanical properties in present HL sample, in addition
to Hall-Peth effect [35].

3.2. Analyses of microstructural defects and
activated deformation modes

Based on the above analyses, it is clear that the hetero-
grain structure is critical in determining its superior
mechanical properties. Theoretically, because of the
inhomogeneous microstructure, various kinds of crys-
talline defects with non-uniform distribution can be
induced upon deformation, which leads to large strain
gradient and HDI-stress near different types of GBs [37].
By using the orientation maps from quasi-in-situ EBSD
data, the densities of geometrically necessary dislocations
(GNDs) and disclinations were calculated in order to
quantify the strain gradient in present HL microstruc-
ture. According to topological defect theory in physics,
dislocation and disclination are the two basic types of
topological defects in crystals [38]. A disclination can be
quantified by its Frank vector (a rotation vector), whose
direction is rotation axis and magnitude is rotation angle.
Similar to the role of intragranular GND, disclinations
are required to accommodate lattice curvature near GBs
arising from non-uniform strain (e.g. strain gradient).
Because the misorientation of a GB is not directly dic-
tated by crystal symmetry, disclinations at GBs are usu-
ally partial disclinations. Based on Nye tensor theory, the
disclination density tensor can be determined from the
curl of elastic curvature tensor (more details can be found
in Section 4 in Supplementary Material).

Figure 3 shows the evolutions of IPE, disclination den-
sity and GND density through quasi-in-situ EBSD char-
acterization before and after ~ 3.5% tension. The scalar
disclination density of undeformed specimen (Figure
3(b)) features low level in both the CG and FG lay-
ers. Tensor components of disclination density and
GND density tensor are included in Supplemental Mate-
rial, Supplementary Figures S1 and S3. In contrast, the
disclination density increases significantly in FG layers,
especially near the interface between the CG and FG
layers (Figure 3(e)). By examining Figure 3(c,f), the high-
density GND intensively develops in FG layers. While
only the regions near hetero-interface inside the CGs
accumulate substantial GNDs, which indicates appar-
ent strain gradient along different layers [8]. Intuitively,
large-size grains possess more room to accommodate

GNDs, and dislocations are only required to pile up
around the hetero-interface for compensating strain gra-
dient rather than other GBs. In contrast, within FGs,
local stress concentration can be established near GBs
because of the interactions between GBs and disloca-
tions, which is necessary for the activation of non-basal
slips in FGs [39]. As supported by Figure 3(e), the
interactions between dislocations and GBs lead to the
formation of disclinations, indicating high-stress concen-
tration among the FGs. Furthermore, the disclinations
along hetero-interface also imply large strain gradient
between layers, rationalizing the interlayer interaction
and corresponding well with measured significant HDI-
stress. We suggest the interaction between hetero-layers
is mainly caused by different GB-strengthening effects,
according to the literature [40]. Besides, the disperse
high-density Mg;7Al;» particles can further strengthen
FG layers although they distribute mainly at GBs [41]. In
addition, due to the submicron size, substantial dynamic
precipitates in present HL-Mg-alloy do not significantly
deteriorate the ductility [42].

To identity the activated dislocation modes during
tensile deformation, the microstructure of deformed HL
samples has been further investigated through TEM
characterizations (Figure 4) and slip trace analyses
(Figure 5 and Supplementary Figure S4). About 200
grains were counted for statistically sound conclusions.
Burgers vectors of dislocations can be identified accord-
ing to g-b = 0 invisible criterion [43]. As shown in the
dark-field TEM image viewed from [1210] zone axis
under the two-beam condition of g = [1010] (Figure
4(a)), high-density basal <a> dislocations (examples
are indicated by white arrows) were observed inside
the typical FG after an applied tensile strain of ~ 13%.
Figure 4(b,c) presents bright-field and dark-field images
under the ¢ = [0002] condition of b and ¢ regions
marked by orange dashed rectangles in Figure 4(a),
respectively, where many dislocations with Burgers vec-
tors having c-components are clearly discerned, as indi-
cated by red arrows. It reveals that both <c+a> and
<a> dislocations are activated in FGs to coordinate
plastic deformation. Besides, substantial dislocation lines
containing <c> type Burgers vectors (marked by red
arrows, Figure 4(d)) are visible in a typical grain inte-
rior at strain of ~23% under g = [0002] condition. The
frequently observed pyramidal <c+a> slips in FGs in
TEM images (Figure 4) can be further validated by slip
trace analyses (Supplementary Figure S4(a)).

Moreover, among all the activated dislocation slip
modes identified by slip traces, a high fraction of non-
basal slips have occurred in both CG and FG layers, e.g.
~55% in CG and ~64% in FG (Figure 5(a)). In par-
ticular, the proportions of pyramidal <c+a> slips in



MATER. RES. LETT. 191

Figure 3. (a) The IPF map, (b) scalar disclination density (in rad £m~2) and (c) scalar GND density (in zzm™") of the undeformed HL-
Mg-alloy; (d) The IPF map, (e) scalar disclination density (in rad um=2) and (f) scalar GND density (in um™") of the ~ 3.5% strained
HL-Mg-alloy.

Figure 4. (a) The dark-field TEM image of typical FG after ~ 13% tensile deformation under the two-beam condition of g = [1070].
(b) The bright-field TEM image of region (b) in (a) using g = [0002]; (c) the dark-field TEM image of region (c) in (a) using g = [0002]. (d)
The dark-field TEM image of typical FG after ~ 23% tensile deformation using g = [0002].



192 (&) T.WANGETAL.

60 T T T
a | m>0.2
50 45 Fine-grain m< 0.2
41

®
3 >
€ 40+ Coarse-grain 8 i
S 92 1301 B
& 30 1B
ic 21
2 20 79
&
[0}
X 10+

0_

pA-xe

A\ G R\ \
93\ Sl \o2!
°o pre™ oya® oy

—— Basal slip —— Pyramidal <a>

{10-12} Twins = {10-11} Twins

- {10-11}-{10-12} Twins

—— Prismatic <a>

Pyramidal <c+a>

LGB (2-15°) — GB (15-90°)

Figure 5. (a) The statistical results of the identified slip activity in CG and FG layers. Relative frequencies of activated pyramidal < c+a >
slips with high m values ( > 0.2, above the blue line) and low m values ( < 0.2, below the blue line) are marked in (a). (b) The slip transfers
in a typical region of CG layer. (c)-(f) The IPF, scalar disclination density (in rad pm‘z), scalar GND density (in pm_1) and SEM of represen-
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under uniaxial loading.

CG and FG layers are determined as ~30% and ~ 41%,
respectively. Note that the activated slip systems do not
necessarily have a high Schmid factor value as expected.
Surprisingly, the proportion of pyramidal <c+a> slips
with low Schmid factor values (m < 0.2) are as high as
~80% and ~ 90% in CG and FG layers (out of total pyra-
midal <c+a> slips), respectively (Figure 5(a)). Both
TEM observations and slip trace analyses suggest that
highly activated <c+a> slips are significant contrib-
utor to high ductility and strain-hardenability for their
essential role on strain accommodation (Figure 2(a)),
facilitating deformation at high stress level [44].

As shown in Figure 3(e,f), intragranular dislocations
and GB disclinations can be found even at the early stage
of deformation, which suggests a large strain gradient and
HDI-stress developed near GBs within FG layer. Since
local stress concentration near those GBs plays an impor-
tant role in selecting slip systems, < c+a > slips with low
Schmid factor (determined by external load) can be eas-
ily activated in FGs to accommodate local strain gradient,
which could benefit macroscopic plasticity [39].

Meanwhile, within CG layers, intergranular slip trans-
fer can be frequently observed (Figure 5(b) and Supple-
mentary Figure S4(b,c)). Detailed analyses show that the

low-Schmid factor <c+a> slips are accompanied with
dislocation interactions at GBs (such as G1-G2, G1-G5,
G4-G5, and G3-G4 in Figure 5(b)), i.e. slip transfer. In
many cases, as shown in Figure 5(b), a pair of ‘connected’
slip traces in neighboring grains (indicating slip trans-
fer) usually belong to different types of slip systems: one
belongs to an easily activated slip system (e.g. basal slip in
G1 or high-Schmid Factor non-basal slips in G3 and G4),
while the other belongs to a hardly activated slip system
(e.g. low-Schmid Factor pyramidal <c+a> slipsin G2,
G4 and G5). Slip transfer can be considered as a mech-
anism to relieve local stress concentration caused by the
interaction between dislocations and GBs. When gliding
dislocations in one grain are impeded by a GB, they may
either stop at the GB (resulting in a large disclination),
or ‘transmit’ through the GB into another slip system
in the neighboring grain (resulting in a small remnant
disclination). A typical example of remnant disclination
has been determined in Supplementary Figure S5, which
directly results from slip transfer. In the latest report on
Mg-Gd alloy laminate with dual-heterostructure grain
size and texture [45], the slip transfer induced by hetero-
structure was also considered to play an important role
in strain accommodation. Hence, the enhanced strain



hardenability of present HL-Mg-alloy can be attributed
to both the intragranular dislocations (including a variety
of slip systems) and GB disclinations, caused by hetero-
geneous multi-grain interactions.

Besides the activation of low Schmid factor pyramidal
<c+a> slip in both FGs and CGs, additional defor-
mation modes have also been observed especially near
the interface (Figure 5(c-f) and Supplementary Figure
S6). Inhomogeneous feather-shaped twins are observed
in several CGs near hetero-interfaces (Figure 5(c-f) and
Supplementary Figure S6). Those feather-shaped twins
usually grow from FG/CG interface towards the inte-
rior of CGs. Additional GB disclination analyses (Figure
5(d)) show GB disclinations with large strain gradient at
FG/CG interface, indicating significant HDI-stress and
inducing twin nucleation. By comparing GNDs den-
sity map and corresponding SEM image with slip traces
(Figure 5(e,f) and Supplementary Figure S7), it is found
that dislocations are also activated in both parent and
twin grains, which suggests the interplay between twin-
ning boundaries and dislocations/disclinations, being
beneficial for the strain-hardenability.

Mediated by the heterogeneous distribution and
interaction of FG and CG layers, dislocations inter-
act with GBs in different layers, resulting in inhomo-
geneous disclination distribution at GBs. The strain
gradient and HDI-stress associated with inhomoge-
neous disclinations are responsible for the activation of
a large variety of accommodating deformation modes
(e.g. low Schmid factor pyramidal <c+a> slip and
inhomogeneous feather-shaped twins). In other words,
multiple types of crystalline defects, e.g. dislocations,
disclinations and twins, have been activated to accom-
modate local strain gradient caused by microstruc-
tural heterogeneity, which interact with each other and
contribute to sustained strain-hardening and enhanced
ductility [9].

4. Conclusions

Here we report superior strength-ductility synergy
obtained in a heterogeneous lamella-structured (HL)
Mg-alloy with alternating coarse-grained ( ~ 8.9 um) and
fine-grained (~ 1.6 um) layers. The present HL-Mg-
alloy possesses appreciable strain-hardening and supe-
rior strength-ductility synergy, i.e. an elongation of
~23%, yield strength of 251 MPa and tensile strength
of ~393 MPa. The high yield strength is mainly caused
by the non-uniform distribution of HDI-stress, which
is mediated by heterogeneous multi-grain interactions.
The large ductility benefits from the activation of a vari-
ety of abnormal deformation modes, e.g. low Schmid
factor pyramidal <c+4a> slips and inhomogeneous
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feather-shaped twins, induced by GB disclinations and
intergranular slip transfers, which accommodate both
the global strain and the local strain between CGs/FGs.
These accommodating deformation modes not only ren-
der effective strain accommodation at high-stress level,
but also subsequently facilitates dislocation accumula-
tion and interaction, finally leading to high HDI/strain-
hardenability and high tensile strength. By introducing
a lamellar hetero-grain structure to control inter/intra-
grain defect distributions (e.g. dislocations, disclinations
and twins), our work provides a new insight into the
design of high-strength, high-ductility Mg-alloys.
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