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Abstract: Developing cost-effective magnesium alloys with high strength and good ductility is a
long-standing challenge for lightweight metals. Here we present a multimodal grain structured AZ91
Mg alloy with both high strength and good ductility, prepared through a combined processing route
of low-pass ECAP with short-time aging. This multimodal grain structure consisted of coarse grains
and fine grains modified by heterogeneous precipitates, which resulted from incomplete dynamic
recrystallization. This novel microstructure manifested in both superior high strength (tensile strength
of 360 MPa) and good ductility (elongation of 21.2%). The high strength was mainly attributed to
the synergistic effect of grain refinement, back-stress strengthening, and precipitation strengthening.
The favorable ductility, meanwhile, was ascribed to the grain refinement and multimodal grain
structure. We believe that our microstructure control strategy could be applicable to magnesium
alloys which exhibit obvious precipitation strengthening potential.

Keywords: multimodal; AZ91 alloy; equal channel angular pressing; aging

1. Introduction

As the lightest structural metal on earth, magnesium has obvious advantages of rich resource,
ease of recycling, and good biocompatibility [1-3]. These unique properties make magnesium and its
alloys attractive for automotive, aerospace, and biomedical applications. Among various magnesium
alloys, Mg-9Al-Zn alloys (AZ91) have become the most common and cost-effective commercial Mg
alloys due to their relatively high strength, good machinability, excellent corrosion resistance, and good
damping capacity. However, the formability and ductility of AZ91 alloys is usually poor because of
their hexagonal close packed lattice and the abundant dendritic second phases, which severely restrict
its widespread industry applications [4].

To improve the mechanical properties of AZ91 alloys, extensive research has already been carried
out to develop fine/ultrafine grained AZ91 alloys by means of severe plastic deformation (SPD) [4-10].
Among several SPD methods, equal channel angular pressing (ECAP) is the most important and
widespread since Segal’s pioneering work [11]. ECAP can be effective on refining the microstructure
of magnesium alloys by imposing high total strains via simply increased ECAP passes, and it could
also produce large bulk samples without changing their shapes [12-14]. More details on the ECAP can
be found in two comprehensive reviews [15,16]. For example, Mathis et al. reported that an ultrafine
grained (UFG) AZ91 alloy prepared by ECAP exhibited improved tensile strength of 370 MPa, but its
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ductility was diminished to 5.5% [17]. Moreover, Chen et al. conducted a two-step ECAP on the
hot-rolled AZ91 alloy and prepared a UFG alloy with average grain size of 2 um [4]. The ultimate tensile
strength of this UFG AZ91 alloy was increased remarkably to 417 MPa, with a moderate elongation of
8.45%. The grain refinement and precipitation of the Mgj7Al;; phase during ECAP were accountable
for the high strength. Although the homogeneous structure of fine/ultrafine grains obtained via ECAP
could efficiently improve the mechanical properties of AZ91 alloys, a trade-off between strength and
ductility still exists. Thus, it is still quite challenging to prepare a magnesium alloy with simultaneous
high strength and good ductility. Moreover, in order to achieve a homogeneous grain structure,
high-pass ECAP is usually needed, which unfavorably complicates the manufacturing process.

Some recent studies have showed that developing a bimodal grain structure is a feasible strategy
for preparing metals with synchronous high strength and high ductility [18]. Wang et al. reported that
an AZ91 alloy sheet with a bimodal structure processed by hard-plate rolling (HPR) simultaneously
achieved high strength (tensile strength of 371 MPa) and high ductility (elongation of 23%) [19].
The superior properties should be mainly attributed to the cooperation effect of the bimodal grain
structure and weakened texture, where the former facilitates a strong work hardening while the latter
promotes the basal slip. Unfortunately, to our knowledge, reports on bimodal magnesium alloys
prepared by other processing methods were rather scarce.

The objective of this work was to develop a multimodal grain structured AZ91 alloy through a
combined processing route of low-pass ECAP, and thus to simultaneously improve the strength and
ductility of this alloy. The main focus of this work was on an in-depth analysis of the microstructure
evolution (electron back-scattered diffraction (EBSD), scanning electron microscope/energy dispersive
spectrometer (SEM/EDS), transmission electron microscope (TEM), and X-ray diffraction (XRD)) and
its resultant excellent mechanical properties. This work could provide a theoretical guidance for the
strengthening-toughening design of novel magnesium alloys.

2. Materials and Methods

In this work, a commercial as-cast AZ91 alloy (chemical compositions of 9 wt.% Al, 1 wt.% Zn,
and 0.5 wt.% Mn) was used. The combined processing route was composed of three major steps.
First, the cubic samples with a dimension of 20 mm x 20 mm X 45 mm were solid solution treated at
693 K for 25 h and then immediately quenched in water. Thereafter, a home-made rotary-die ECAP
(RD-ECAP) was employed on these samples at 573 K for 6 passes, followed by quickly cooling in water.
The operation principle of RD-ECAP can be found in the supplementary material and our earlier
work [20,21]. Prior to RD-ECAP, the sample and die were held at 573 K for 15 min together. Finally, a
portion of the ECAP samples was aged at 523 K for 5 h.

The microstructures of various AZ91 samples were characterized by the optical microscope (OM),
scanning electron microscope (SEM, Hitachi, Tokyo, Japan, 54800), transmission electron microscope
(TEM, JEM 2100), and X-ray diffraction (XRD, Bruker, Karlsruhe, Germany, D8 advance). Prior to the
observation, the OM and SEM samples were mechanically polished and etched with an acetic picric
solution (5 mL acetic acid, 6 g picric acid, 10 mL water, and 100 mL ethanol), and the TEM samples
were prepared using jet polishing. Moreover, the microstructure evolution was assessed through
electron back-scattered diffraction (EBSD) on a Hitachi S-3400N SEM (Hitachi, Tokyo, Japan) equipped
with an HKL-EBSD system. Step size for mapping was 100 nm to achieve sufficient 161 resolution
to reveal the microstructure. The EBSD samples were grinded and polished, and then ion polished.
The tensile tests were conducted using a CMT5105 electronic universal testing machine (MTS, Shenzhen,
China) at room temperature and strain rate of 5 x 10~ s~. Dog-bone shaped tensile specimens (gauge
size of 6 mm x 2 mm X 3 mm) were machined from the processed billets with the loading axis parallel
to the extruded direction.
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3. Results
3.1. Microstructure Evolution

3.1.1. The Initial States

Figure 1a,b shows the optical microstructure of the as-received AZ91 cast alloy. Its microstructure
was characterized by the typical dendritic structure with coarse grains, as shown in Figure 1la.
This dendritic structure consisted of x-Mg matrix, Mgy7Alj»-y phase precipitates, and « + y eutectic
phases (Figure 1b). The coarse eutectic phases were distributed along the grain boundaries, which were
the products of a divorced eutectic reaction from the Al enriched part of the liquid metal. A majority of
the y-phases were aligned around the eutectic phases, but a few y-phases were dispersed inside x-Mg
grains. The XRD pattern shown in Figure 1c confirmed the existence of Mgy7Al;; and «-Mg phases.
The average grain size of this cast alloy was 200 um, measured through the intercept method.

eutectic phase
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Figure 1. Optical micrographs of as-cast Mg-9Al-Zn (AZ91) alloy at (a) low and (b) high magnifications.
(c) The corresponding X-ray diffraction (XRD) pattern.

3.1.2. Microstructure Evolution during Processing

After solid solution treatment at 693 K for 25 h, most of the y-precipitates and eutectic y-phases
were dissolved into the matrix, as shown in Figure 2a. However, there was still a small amount of
Y-precipitates remaining, which were confirmed by the SEM and EDS results of Figure 2b,c.
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Figure 2. Microstructure of the solution heat-treated AZ91 alloy: (a) Optical micrograph; (b) scanning

electron microscope (SEM) micrograph; (c) energy dispersive spectrometer (EDS) analysis of the
undissolved phase.

After 6p-ECAD, the grain size of the «-Mg was remarkably refined, but some coarse grains
were still obvious, as shown in Figure 3a. Interestingly, heterogeneous precipitates were observed,
which mainly comprised three regions, the uniform precipitates regions in fine grains, the precipitate-
free regions, and the high-density precipitates regions in coarse grains. After short-time aging,
the multimodal grain structure and heterogeneous precipitates were still maintained. However,
the precipitate-free regions disappeared, and the density of the precipitates in the uniform precipitate
regions increased slightly (Figure 3b). To further understand the microstructure evolutions, EBSD,
SEM, and TEM observations were performed on both ECAP and aged alloys.

Figure 3. Optical micrographs of the AZ91 alloy processed by (a) equal channel angular pressing
(ECAP) and (b) ECAP-aging.

Figure 4 shows the EBSD inverse pole figure (IPF) maps and grain size statistic of the ECAP
and ECAP-aged AZ91 alloys along the extruding direction. It was noteworthy that the ECAP alloy
possessed a mixed grain structure composed of coarse grains and fine grains, representing a typical
multimodal grain structure, as shown in Figure 4a. The fine grains (<20 um) reached their peak at
about 4 pm and had an average size of 5.82 um. Meanwhile, the coarse grains exhibited an average
grain size of 135.55 um, and the volume fraction was about 63%. After short-time aging, the grain
structure remained a multimodal distribution, but with a slight increase in the fine grains (5.96 um)
facilitated by thermal activation (Figure 4c). However, both the volume fraction (38.5%) and the
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average grain size (73.61 um) of coarse grains decreased, indicating the refinement of the coarse grains
occurred during aging. This was ascribed to the static recrystallization during aging, which will be
discussed later.

The mechanisms of the formation of the multimodal structure were further dissected. Figure 5
shows the distribution of the recrystallized, substructure, and deformed grains for the ECAP and
ECAP-aged alloys. It was obvious that partial dynamic recrystallization occurred during ECAP
(Figure 5a). In other words, the coarse deformed grains were replaced by a set of the new fine
equiaxed grains gradually during ECAP. In fact, the coarse substructure grains in the ECAP alloy still
possessed an area fraction of 65.94%, as shown in Figure 5c. Thus, a multimodal grain structure with
fine recrystallized grains and coarse deformed grains was generated after 6p-ECAP. Moreover, after
aging at 523 K for 5 h, the area fraction of the recrystallized grains increased from 27.59% to 64.03%,
which was accompanied by the decrease in both the fraction and size of the substructure grains, as
shown in Figure 5b,c. This indicated that an incompletely static recrystallization occurred during
aging, which transformed the substructure grains to the new fine equiaxed grains. Due to the relatively
short aging time, static recrystallization did not take place completely, and a certain amount of the
coarse grains were retained. Therefore, the present low-pass ECAP and short time aging promoted the
occurrence of incompletely thermodynamic recrystallization and finally caused the formation of the
multimodal grain structure.
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Figure 4. Inverse pole figure (IPF) maps and grain size statistics of the AZ91 alloy processed by (a,b)
ECAP and (c,d) ECAP-aging.
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Figure 5. Electron back-scattered diffraction (EBSD) recrystallization fraction maps of the AZ91

alloy processed by (a) ECAP; (b) ECAP-aging. (c) Area fraction of recrystallized, substructure, and
deformed grains.

Figure 6a,b shows the Kernel Average Misorientation (KAM) maps of the ECAP and ECAP-aged
AZ91 alloys. KAM is usually used to represent average misorientation less than 5° between a given
point and its nearest neighbors which belong to the same grain. Therefore, the KAM map can be used
to assess local plastic strain and thus reflect, to some extent, the density of dislocations. It can be seen
that the coarse grains, especially their nearby boundaries, possessed high KAM value both in the ECAP
and ECAP-aged AZ91 alloys, indicating a high dislocation density in these regions. This provided
further evidence that the coarse grains were the deformed or substructure grains. Previous research
reported that the partial dynamic recrystallization of Mg and its alloys during thermal-mechanical
deformation was conducted along the pre-existing coarse grain boundaries [22]. Hence, the coarse
grains in the AZ91 ECAP alloy were the inner core areas of the large initial grains. Figure 6¢ shows the
KAM value versus relative frequency. It is apparent that the relative frequency of low KAM values
(less than 0.5°) was higher in the ECAP-aged alloy, while high KAM values were more pronounced
in the ECAP alloy, suggesting that dislocation density in the ECAP-aged alloy was lower than that
in the ECAP alloy. This demonstrated that the new fine grains nucleated along pre-existing coarse
grain boundaries owing to their high dislocation density during aging, that is, occurrence of static
recrystallization. Above all, the present result demonstrated that incomplete recrystallization along the

pre-existing coarse grain boundaries was the fundamental reason for the formation of the multimodal
grain structure.
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Figure 6. Kernel Average Misorientation (KAM) maps of the AZ91 alloy processed by (a) ECAP and
(b) ECAP-aging. (c) KAM versus relative frequency.

Figure 7 shows the SEM images of the AZ91 ECAP alloy. Consistent with the OM images, the SEM
images showed that the second phase particles were not uniformly distributed. Some coarse grains
possessed high-density precipitates (Figure 7a), while other coarse grains were almost precipitate-free
(Figure 7b). The high-magnification SEM image of the fine grain regions (Figure 7c) highlighted
the uniformly distributed cobblestone-like fine precipitates with an average size of 0.5~3 um,
representing a typically continuous precipitation morphology. These particles were dynamically
generated during ECAP. Notably, these precipitates were dispersed along grain boundaries, but almost
no precipitates were observed inside the fine grains. This observation suggested that these fine grains
were partial dynamic recrystallized grains, which were activated by the fine precipitates through a
particle-stimulated nucleation (PSN) mechanism [23,24]. These precipitates along grain boundaries can
stabilize the microstructure and suppress grain growing, giving rise to the slightly increased fine grains
after subsequent aging of the ECAP alloy. Moreover, the precipitates in the high-density precipitate
regions in the coarse grains had a small average size of 0.74 um, as illustrated in Figure 7d.

Figure 8 provides the SEM observations of the AZ91 ECAP-aged alloy. In stark contrast to the
ECAP alloy, the ECAP-aged alloy was devoid of the precipitate-free regions (Figure 8a), indicating
that the fine y-phase preferentially formed in these coarse grains during aging. This can be ascribed
to the high dislocation density of the coarse grains, as shown in Figure 6a. Moreover, the density
of the precipitates both in high-density precipitate regions and uniform precipitate regions was
slightly increased, while no obvious growth of the precipitates was found, as shown in Figure 8b,c.
Therefore, precipitation mainly took place in the precipitate-free region, with continuous precipitation
morphology during aging.

Above, SEM observations showed two different kinds of precipitation regions in both ECAP
and ECAP-aged alloys: High-density precipitate colonies and low-density precipitate colonies.
The low-density precipitate colonies occupied most parts of the microstructures, interspersed by
some high-density precipitate colonies. The precipitates in the high-density precipitate colonies were
much smaller than those in low-density precipitate colonies. The high-density precipitate colony
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corresponded to the coarse grains (Figures 7 and 8). Therefore, it can be concluded that the high-density
dislocations in the coarse grains promoted the high-density precipitates in their interior.

Figure 7. SEM micrographs of the AZ91 ECAP alloy. (a) the low-magnification SEM image showing
high-density precipitate region and uniform precipitate region; (b) the SEM image showing precipitate
free region; (c, d) the details of the marked regions in (a).

(a)

Figure 8. SEM micrographs of the AZ91 ECAP-aged alloy. (a) the low-magnification SEM image
showing high-density precipitate region and uniform precipitate region; (b,c) the details of the marked
regions in (a).

The TEM micrographs of the ECAP and ECAP-aged alloy are shown in Figure 9. It can be seen that
the dispersed precipitates in the fine grain regions of the ECAP alloy were mainly located in the grain
boundaries, while a few fine precipitates were found in the grain interior (Figure 9a). Figure 9b shows
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the precipitation morphology of the high-density precipitate regions of the ECAP alloy. These fine
precipitates dispersed in a coarse grain, which further verified that the high-density precipitate regions
mainly existed in the coarse grains. After aging, the density of the precipitates in the fine grain regions
increased, as shown in Figure 9c. Figure 9d shows the enlargement of the precipitates within a coarse
grain of the ECAP-aged alloy. Some spherical nanoscale precipitates (marked by yellow arrows)
occurred in the coarse grain interior with a very low density. Therefore, these nanoscale precipitates
slightly contributed to strengthening of alloy.

Figure 9. Transmission electron microscope (TEM) images of the AZ91 alloy. (a) The fine grain regions
and (b) the high-density precipitate regions of the ECAP alloy. (c) The fine grain regions and (d) the
enlargement of the precipitates within a coarse grain of the ECAP-aged alloy.

3.2. Mechanical Properties

Figure 10a shows the stress—strain curves of the as-cast, ECAP, and ECAP-aged AZ91 alloy.
The yield strength (YS), ultimate tensile strength (UTS), and elongation to failure are also illustrated in
Figure 10b. It was apparent that the as-cast alloy possessed the lowest YS (70 MPa), UTS (95 MPa),
and poor ductility (elongation of 2.8%). After 6p-ECAP, the AZ91 alloy showed a more than threefold
increase in YS (252 MPa) and UTS (282 MPa), and fivefold increase in elongation (14%) compared to the
as-cast alloy. Interestingly, the ECAP-aged alloy possessed an optimal strength (YS of 270 MPa and UTS of
360 MPa) and remarkably improved ductility (elongation of 21.2%), which were the best strength—ductility
combination. This result indicated that the combined processing route of low-pass ECAP with short-time
aging can simultaneously improve both the strength and ductility of the AZ91 alloy.

Figure 10c compares the UTS and elongation of the AZ91 ECAP-aged alloys with AZ91 processed
by other processing approaches adopted by other studies, including ECAP [8,17,25-32], accumulative
roll bonding [9], differential speed rolling [33,34], rolling [35,36], and multidirectional forging [5]. It is
obvious that there was a trade-off between the strength and ductility of the AZ91 alloy processed by
conventional deformation or SPD. However, the mechanical properties of the current AZ91 ECAP-aged
alloy clearly fell outside of the reported ordinary strength—ductility trade-off. Moreover, the superior
strength of the current AZ91 ECAP-aged alloy was almost better than that of all RE-free Mg alloys and
was even comparable to that of some Mg-RE alloys (Figure 10d). Compared to our previous work [32],
the compact process route (low ECAP pressing passes and short aging time) manifested an AZ91 alloy
in both high strength and good ductility. Meanwhile, compared to high strength Mg-RE alloys, this
cost-effective AZ91 alloy possessed much higher ductility, and low density and cost.
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Figure 10. (a) Typical stress—strain curves of the AZ91 alloy; (b) The summary of yield strength, ultimate
strength, and elongation to failure; (c) The ultimate tensile strength versus total tensile elongation of
the AZ91 alloys in comparison with available literature data; (d) The ultimate tensile strength versus
elongation of Mg-RE alloys and RE-free Mg alloys prepared by ECAP [37-51].

4. Discussion

The present work provided an alternative processing method (a combined use of low-pass
ECAP with short-time aging) to simultaneously improve the strength and ductility of AZ91 alloys.
The developed method held the advantages of a short process, high efficiency, and low cost.
By employment of this method, we obtained a multimodal grain microstructured AZ91 alloy with
both high strength and good ductility.

It is of great interest to discuss the underlying mechanisms behind the simultaneously improved
strength and ductility of the AZ91 alloy. The EBSD observation clearly revealed that the grain
refinement strengthening (i.e., the formation of fine grains) mainly contributed to the increased strength.
In fact, the volume fraction of fine grains (<20 pm) reached 37% in the ECAP alloy, which further
increased to 61.5% after aging (Figure 4). A large number of fine grains mean a large number of high
angle grain boundaries (HAGBs), which are widely believed to provide better strengthening during
deformation because they are more effective in blocking dislocations [52,53]. Hence, the ECAP-aged
alloy exhibited higher strength than the ECAP alloy. This conclusion was further corroborated by the
distribution of grain boundary misorientation, as shown in Figure 11. The fraction of HAGBs (6 > 15°)
for the ECAP-aged alloy (~79.2%) was much higher than that for the ECAP alloy (~59%). Additionally,
the average misorientation angle of the ECAP-aged alloy also apparently increased from 28.77° to
41.32° after aging. In addition, the substructure and high dislocation density in the coarse grains
(Figures 5 and 6) could hinder the dislocation motion and thus contributed to the increased strength.
This effect was more prominent in the ECAP alloy because of its coarser grains.
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Figure 11. Misorientation distributions of the AZ91 alloy processed by (a) ECAP and (b) ECAP-aging.

Moreover, it was proposed that the multimodal grain structure gave rise to the so-called
back-stress strengthening [54]. During deformation, dislocations would pile up in the coarse grains
and hence generate geometrically necessary dislocations near the fine/coarse grain interfaces, resulting
in the formation of a long-range back-stress. The back-stress made it difficult for dislocations to slip in
the coarse grains until the surrounding fine grains started to yield at a larger global strain. In other
words, the back-stress increased the flow stress of the soft coarse grains by the time the whole sample
was yielding.

The fine and high-density precipitates could also contribute to the improvement of strength via
the Orowan mechanism. In fact, the low strength and poor ductility of the AZ91 cast alloy, to a great
extent, was related to the abundant and coarse dendritic second phases. Here, a mass of the fine
Y-phase particles precipitated from the supersaturated Mg matrix, due to the thermo-mechanical effect
during ECAP processing. The fine and high-density precipitates dispersed in the matrix can obstruct
the dislocation motion and cause a pinning effect on the grain boundaries during tensile deformation,
which significantly enhanced the strength.

In addition, it was necessary to discuss the underlying mechanisms behind the high ductility
of the present AZ91 alloy. Grain refinement was one of the main contributors. With the increase
of grain boundaries, stress could be dispersed to a larger area. Thus, the stress concentration was
reduced. In addition, the fine grains would contribute to the activation of slip systems, that is, basal
slip and non-basal slip. The multimodal grain structure was also responsible for the improvement of
ductility. According to the study of Zhu et al., strain partitioning would exist during the deformation of
heterogeneous materials, and the occurrence of strain gradients led to back-stress work hardening [49].
Wang et al. also attributed the high uniform ductility of the HPRed AZ91 alloy to the strong work
hardening resulting from the multimodal grain structure [19]. The back-stress work hardening was
beneficial to preventing necking during tensile testing, thus improving ductility. Therefore, it was
reasonable to believe that the increased ductility should be mainly attributed to the grain refinement
and the formation of a multimodal grain structure.

5. Conclusions

In the present work, we presented a multimodal grain structured AZ91 alloy with both high
strength and good ductility, prepared through a combined processing route of low-pass ECAP with
short-time aging. The preparation method held the advantages of a short process, high efficiency,
and low cost. The main conclusions were drawn as follows:

(1) A multimodal grain structure consisting of coarse grains and fine grains was achieved in the
AZ91 alloy after 6p-ECAP. After further short-time aging, the volume fraction of the fine grains
increased due to the occurrence of static recrystallization, accompanied by a slight increase in the
fine grains size.
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(2) A heterogeneous precipitation was observed in the ECAP alloy, which consisted of low-density
precipitate colonies interspersed by some high-density precipitate colonies and precipitate-free
colonies. After short-time aging, the heterogeneous precipitates were maintained, but the
precipitate-free colonies disappeared, and the density of the precipices increased slightly.

(3) Simultaneous high strength and good ductility (360 MPa and 21.2%, respectively) were obtained
in the bulk AZ91 ECAP-aged alloy. The high strength was attributed to the synergistic effect
of grain refinement, back-stress strengthening, and precipitation strengthening. The favorable
ductility was ascribed to the grain refinement and multimodal grain structure.
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