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Abstract
A high-strength AZ91 alloy is produced via hot extrusion using flakes fabricated through the rapidly solidified flaky powder 
metallurgy. The AZ91 alloy flakes have an extremely fine dendritic structure without any second-phase particles owing to 
the fast cooling rate during solidification; these microstructural features considerably promote dynamic recrystallization and 
precipitation behaviors during extrusion process. As a result, the AZ91 alloy extruded using the flakes exhibits an almost 
fully recrystallized microstructure with a very small average grain size of 1.2 µm owing to an increase in the number of 
nucleation sites for recrystallization, and it shows a high microstructural homogeneity owing to the numerous  Mg17Al12 
precipitates uniformly distributed throughout the material. This extruded AZ91 alloy has a tensile yield strength of 345 MPa, 
ultimate tensile strength of 417 MPa, and total elongation of 5.6%. These superior tensile strengths are mainly attributed to 
the combined effects of precipitation hardening caused by abundant fine precipitates and grain boundary hardening caused 
by fine recrystallized grains.
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1 Introduction

Mg alloys have been considered as a promising material 
in the transportation industry owing to their low weight, 
which is an advantage from the perspectives of improving 
the energy efficiency of vehicles and reducing their car-
bon dioxide emissions. In particular, extruded Mg alloys 
have recently attracted considerable attention because they 
have superior mechanical properties as compared to their 
cast Mg counterparts, and controlling the process param-
eters of extrusion is easier than that of rolling. However, the 
strengths of extruded Mg alloys are still lower than those of 
high-strength Al alloys such as the 2xxx, 7xxx, and 8xxx 

series alloys; this eventually reduces the weight-saving ben-
efits offered by Mg alloys and limits their application range. 
Hence, many studies have been conducted to develop high-
strength extruded Mg alloys. Recently, it was reported that 
extruded Mg alloys containing more than 10 wt% of a com-
bination of Gd and Y possess ultrahigh tensile yield strength 
(TYS)—higher than 450 MPa [1, 2]. However, the addition 
of such a large amount of expensive rare-earth (RE) ele-
ments significantly increases the cost of the final products, 
thereby lowering their cost competitiveness and posing chal-
lenges to their application as components of mass-produced 
vehicles.

Rapid solidification is an effective method for reduc-
ing grain size and solute segregation in Mg alloys and for 
increasing their solid solubility and chemical homogene-
ity [3, 4]. The powder metallurgy approach is widely used 
in the rapid solidification process; however, it often poses 
a high risk of explosion owing to the highly flammable 
nature of Mg powders [5]. To mitigate this risk and ensure 
safety, using additional process equipment is necessary, 
which increases the complexity of the manufacturing pro-
cess and reduces productivity. An alternative technique to 
overcome these problems is rapidly solidified flaky powder 
metallurgy (RS FP/M), also called rapidly solidified ribbon 
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consolidation [6, 7]. This method produces RS metal flakes 
instead of powders, which can be sealed into a Cu capsule 
and then extruded. The RS FP/M technique facilitates the 
manufacturing of extruded bulk rods at an industrial scale 
while maintaining a fine-grained structure under safer condi-
tions than those in conventional powder metallurgy.

Most previous studies applied the RS FP/M technique 
to Mg–Zn–RE alloys and their variants containing a long-
period stacking ordered (LPSO) structure [3, 6–8]. The 
reported alloys exhibited remarkable improvements in 
strength at room temperature and high temperatures, as 
well as high superplasticity and corrosion resistance. The 
present study aims to demonstrate the capability of this 
advanced technique for non-LPSO Mg alloys. Recently, we 
successfully conferred a high strain-rate superplasticity to 
a commercially available Mg alloy through this technique 
[9]. Nevertheless, fundamental characteristics at room tem-
perature have yet to be clarified. To this end, the RS FP/M 
technique is applied to an AZ91 alloy, which is a com-
mercially used, highly alloyed, Mg–Al-based alloy. The 
microstructure of AZ91 flakes fabricated via the RS FP/M 
technique is analyzed through a comparison with that of an 
AZ91 billet fabricated via conventional ingot metallurgy. 
The tensile properties of the AZ91 alloy rod fabricated via 
extrusion using the flakes are investigated, and the strength-
ening mechanisms responsible for the high strength of the 
extruded alloy are discussed on the basis of its microstruc-
tural characteristics.

2  Experimental Procedure

High-purity ingots with the chemical composition 
Mg–9Al–1Zn (wt%) were melted in Ar atmosphere in a 
high-frequency electrical furnace. RS ribbons were pro-
duced by a single-roller melt-spinning method in an argon 
atmosphere with ~ 1 mm width, 20–30 μm thickness, and 
a few meters length. The roll circumferential velocity and 
cooling rate were 42 m s−1 and 1.4 × 105 °C s−1, respectively. 
These ribbons were then cut into RS flakes with 10–20 mm 
length. A large-sized RS AZ91 bulk alloy was manufactured 
by consolidation of RS flakes. The flakes were packed into 
a cylindrical Cu can of length 60 mm, external diameter 
31 mm, and wall thickness 1 mm. They were then com-
pacted under a compressive load of 20 MPa, followed by 
degassing at 250 °C for 15 min. The green density after the 
compaction was estimated as 1.78 g cm−2. Prior to extrusion, 
the degassed can and the extrusion die were heated to the 
extrusion temperature of 350 °C for 20 min. Extrusion was 
conducted at 350 °C with a ram speed of 2.5 mm s−1 and 
an extrusion ratio of 10. The Cu surface was completely 
eliminated before microstructural and tensile analyses. An 
AZ91 billet was fabricated via conventional ingot metallurgy 

for comparing its microstructure with that of the RS-AZ91 
flakes. This material was cast into a cylindrical permanent 
mold with a diameter of 80 mm and length of 300 mm.

The microstructures of the RS flakes and the extruded 
alloy were characterized using optical microscopy (OM), 
scanning electron microscopy (SEM), and electron back-
scatter diffraction (EBSD) analysis. Microstructural samples 
were cut with a low-speed saw to minimize the generation 
of residual stress. The samples were mechanically polished 
using 800–4000-grit abrasive papers and then processed fur-
ther depending on the test. SEM samples were chemically 
etched in a solution containing 70 ml of picric acid, 10 ml 
of acetic acid, and 10 ml of distilled water. EBSD samples 
were additionally polished through ion milling at 6 kV for 
8 h. The TexSEM Laboratories orientation imaging micros-
copy (TSL OIM) analysis 5 software was used to analyze the 
EBSD data, and only those data points that possessed a high 
confidence index (> 0.1) were used to ensure the reliability 
of the analysis results.

The tensile properties of the extruded alloy were evalu-
ated at an initial strain rate of 5 × 10−4 s−1 using a round 
specimen with a gage diameter of 2.5 mm and gage length of 
12.4 mm. The tensile axis was parallel to the extrusion direc-
tion (ED). The tensile tests were repeated thrice for each 
material to obtain reliable data. The TYS, ultimate tensile 
strength (UTS), and total elongation (EL) were presented as 
average values with standard deviation; the TYS was deter-
mined as the value at 0.2% of the offset stress. The tensile 
strain was measured precisely using an optical extensometer 
connected to the tensile testing machine.

3  Results and Discussion

Optical and SEM micrographs of the RS-AZ91 flake fabri-
cated using the RS FP/M technique are shown in Fig. 1a and 
b, respectively; for comparison, those of the cast AZ91 billet 
fabricated using the conventional mold-casting process are 
shown in Fig. 1c, d, respectively. The micrographs show that 
the RS flake and the cast billet have two distinct differences. 
First, even though both materials exhibit a dendritic struc-
ture—that is commonly observed in cast metals—their sizes 
are considerably different. The cast billet shows a coarse 
structure with an average grain size of 376 μm, whereas the 
RS flake has an extremely fine structure without any dis-
tinguishable grain boundaries. The secondary dendrite arm 
spacing (SDAS) of the RS flake (0.12 μm) is only ~ 1/220 
times that of the cast billet (26 μm), which means that the 
RS FP/M technique greatly refines the dendritic structure of 
the AZ91 alloy. The SDAS of cast metal materials is known 
to be proportional to the rate of heat removal from the mold 
during solidification; therefore, higher cooling rates lead to 
a smaller dendritic structure [10, 11]. In addition, as the 
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cooling rate during the casting process decreases, the time 
required for the disappearance of small dendrite arms—
which occurs to reduce the total surface energy of the mate-
rial—increases; this consequently leads to an increase in the 
SDAS [12, 13]. In other words, the first major microstruc-
tural difference between the RS flake and the cast billet is the 
drastic refinement of the dendritic structure in the RS flake.

The second major difference is the presence or absence 
of the β-Mg17Al12 phase. In the cast billet, large particles 
of the eutectic  Mg17Al12 phase are distributed along the 
grain boundaries and in regions between the dendrite arms 
(represented as the bright phase in Fig. 1d). Moreover, 
 Mg17Al12 phase precipitates with a fine lamellar structure 
are also present along the grain boundaries (represented 
as the gray phase in Fig. 1d). Unlike the eutectic  Mg17Al12 
phase particles formed during solidification, these fine-
lamellar structured precipitates—which have a morphology 
similar to the typical lamellar pearlite structure in steel—are 
formed via discontinuous precipitation during the cooling 
after solidification [14, 15]. Owing to the presence of this 
considerable amount of  Mg17Al12 phase particles and pre-
cipitates, homogenization heat treatment must be performed 
before the extrusion process to dissolve the second phase 

into the α-Mg matrix. In contrast, the RS flake does not 
contain the  Mg17Al12 phase (Fig. 1b) because insufficient 
time is available for the formation of the second phase dur-
ing solidification of the molten metal owing to the extremely 
fast cooling rate. Accordingly, all Al atoms in the RS flake 
exist in the dissolved state within the α-Mg matrix without 
forming any second-phase particles. Moreover, this increase 
in the dissolved Al content decreases the lattice parameters 
of the hexagonal crystal structure, which in turn contributes 
to reduction in the SDAS of the RS flake [5]. This super-
saturation of the alloying elements and suppression of the 
formation of intermetallic compounds are advantages of the 
RS FP/M technique [4, 5, 16]. In addition, as shown in the 
EDS maps of the RS flakes in Fig. 2, the solute atoms of Al 
and Zn, which are alloying elements added to this alloy, are 
uniformly distributed without micro-segregation; this indi-
cates that the RS flakes have a high compositional homoge-
neity. Therefore, extrusion using RS flakes can be conducted 
without any prior homogenization treatment owing to their 
ultrafine and homogeneous microstructure, which is devoid 
of any second-phase particles and solute segregation.

The microstructural characteristics of the extruded 
RS-AZ91 alloy as obtained via EBSD analysis are shown 

DP phase

(a) (b)

(c) (d)

Fig. 1  a, c OM and b, d SEM micrographs of a, b AZ91 flake pro-
duced via RS FP/M technique and c, d AZ91 billet fabricated via con-
ventional mold casting. The inset in (d) is an enlarged image show-
ing the lamellar structure of discontinuous precipitates (DP). davg and 

dSDAS denote the average grain size and average secondary dendrite 
arm spacing, respectively. Blue dotted lines in (c) indicate the grain 
boundaries
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in Fig. 3. The alloy exhibits an almost fully dynamically 
recrystallized (DRXed) microstructure, in which the area 
fraction of the DRXed grains is 96.8% (Fig. 3a–c). In Mg 
alloys, the area fraction of DRXed grains formed during 
hot deformation depends strongly on the applied strain 
[17, 18]; as the strain increases, the dynamic recrystal-
lization (DRX) fraction increases owing to an increase in 
the internal strain energy, which is the driving force for 
recrystallization. Given that a large amount of deformation 
is generally applied in a single pass during extrusion, the 
strain applied during extrusion in this study was relatively 
small (~ 2.3) owing to the low extrusion ratio of 10. A pre-
vious study reported that an extruded AZ91 alloy exhibited 
a partially DRXed grain structure when an AZ91 billet 
fabricated using the mold casting process was extruded 
at a relatively large strain of ~ 3.2 at the same temperature 
as that employed in the present study (350 °C) [19]. In 
contrast, in the present study, almost complete recrystal-
lization occurred during extrusion using the RS-AZ91 
flakes, despite the smaller imposed strain. As the micro-
structure of the initial material becomes finer, the number 
of nucleation sites for recrystallization during hot extru-
sion increases, leading to an increase in the DRX fraction 
of the extruded material [20]. Accordingly, the enhanced 
DRX behavior observed in the extruded RS-AZ91 alloy in 
the present study is attributed to the significantly refined 
microstructure of the flakes.

The equiaxed DRXed grains of the extruded RS-AZ91 
alloy are extremely fine—just 1.1 μm in size (Fig. 3c). More-
over, the elongated unDRXed grains are also just 5.9 μm 
in size (Fig. 3b). Consequently, the average grain size of 
the extruded alloy is 1.2 μm (Fig. 3d). This type of grain 
structure is consistent with that of other RS-AZ91 samples 
exhibiting a high-strain-rate superplasticity [9]. Because 
the growth of grains newly formed by DRX is caused by 
the diffusion of atoms at grain boundaries, the final size 
of the DRXed grains is closely related to the deformation 
temperature [21]. Our previous study showed that the aver-
age size of the DRXed grains in an AZ91 alloy extruded 
at 350 °C using a homogenized billet was 20.1 μm [19], 
which is ~ 18.3 times that of the extruded RS-AZ91 alloy 
(1.1 μm) and ~ 3.4 times the average size of the unDRXed 
grains in this extruded alloy (5.9 μm). In another study 
[20], when the homogenized AZ91 billet was extruded at a 
relatively low temperature of 250 °C, the DRXed grains in 
the extruded alloy were of a small size (1.3 μm), similar to 
those in the extruded RS-AZ91 alloy (1.1 μm). However, in 
the previous extruded alloy, a considerable amount of large 
unDRXed grains—whose area fraction and average size 
were 26.5% and 58.6 μm, respectively—remained owing to 
the suppression of DRX behavior by the low deformation 
temperature [20]. In contrast, the extruded RS-AZ91 alloy 
possesses a high DRX fraction and a fine grain size simulta-
neously. In addition, the DRXed grains exhibit a narrow size 

Fig. 2  a SEM image of AZ91 
flake produced via RS FP/M 
technique and corresponding 
EDS maps of b Mg, c Al and 
d Zn

200 m

(a) (b)

(c) (d)

Mg

Al Zn
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distribution range of ~ 0.5–2 μm (Fig. 3d), which indicates 
that the microstructure of the extruded RS-AZ91 alloy is 
uniform.

Such small grain size and high microstructural uniform-
ity are attributed to the precipitates formed during extru-
sion. SEM micrographs of the extruded RS-AZ91 alloy are 
shown in Fig. 4a–c. These micrographs show that abundant 
fine precipitates, ~ 300–700 nm in size, are homogeneously 

distributed throughout the material. In the unDRXed region, 
smaller precipitates (~ 100–200 nm) are observed (Fig. 4b). 
The XRD results reveal that all these precipitates are the 
 Mg17Al12 phase formed via dynamic precipitation during 
extrusion (Fig. 4d). Dynamically formed precipitate parti-
cles can effectively suppress the growth of DRXed grains 
through the grain boundary pinning phenomenon during 
hot extrusion. Indeed, the  Mg17Al12 precipitates are located 

Fig. 3  Microstructure and texture of extruded RS-AZ91 alloy: inverse 
pole figure maps of a total, b unDRXed and c DRXed regions; d 
grain size distribution; and e (0002) pole figure and ED inverse pole 

figure. dDRX and dunDRX denote the average grain sizes of the DRXed 
and unDRXed regions, respectively. fDRX and funDRX denote the area 
fractions of the DRXed and unDRXed regions, respectively

Fig. 4  SEM micrographs of extruded RS-AZ91 alloy showing a over-
all distribution of precipitates, b fine precipitates in unDRXed region, 
and c grain boundary pinning of precipitates in DRXed region. d 

XRD pattern of extruded RS-AZ91 alloy. Yellow dotted lines in c 
indicate the grain boundaries of DRXed grains. (Color figure online)
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mostly at the boundaries of the DRXed grains (Fig. 4c). This 
inhibition of grain growth by the dynamic precipitates and 
the resultant grain refinement have been widely reported in 
various extruded Mg alloys such as Mg–Al, Mg–Sn, Mg–Zn, 
and Mg–RE alloy systems [22–27].

The most remarkable feature of the precipitates of the 
extruded RS-AZ91 alloy is their homogeneous distribution. 
In the abovementioned extruded AZ91 alloy, fabricated via 
extrusion using a conventional billet at 350 °C, the  Mg17Al12 
precipitates are formed locally in the form of precipitate 
bands (~ 40–100 μm in width) arranged parallel to the ED 
[19]. Numerous precipitates exist in the precipitate bands, 
whereas few precipitates exist in the regions between the 
precipitate bands. This inhomogeneous distribution of 
the precipitates causes a difference in the DRXed grain 
size between the precipitate-rich region (i.e., precipitate 
bands) and the precipitate-scarce region. That is, the grains 
become much larger in the precipitate-scarce region owing 
to weakening of the grain boundary pinning effect, which 
consequently leads to a nonuniform grain structure of the 
extruded alloy. By contrast, in the extruded RS-AZ91 alloy, 
homogenous precipitate formation without locally concen-
trated distributions improves the microstructural uniform-
ity of the extruded material. Similar to the promoted DRX 
behavior of the RS-AZ91 alloy, this homogeneous forma-
tion of precipitates is also due to the fine microstructure and 
uniform chemical composition of the initial RS flakes. As 
shown in Fig. 1c, d, the interspacing between the  Mg17Al12 
phase particles of the cast AZ91 billet is considerably large 
(~ 50–100 μm) owing to the coarse grain size. Accordingly, 
although homogenization treatment is performed at tempera-
tures lying in the α-Mg single-phase region on the equilib-
rium phase diagram, it takes a long time for the  Mg17Al12 
phase formed during solidification or subsequent cooling to 
fully dissolve into the α-Mg matrix; the dissolved Al solute 
atoms also take a long time to distribute uniformly in the 
matrix through bulk diffusion. Hence, in a homogenized 
AZ91 billet, a locally high concentration of Al solute atoms 
(i.e., solute segregation) is observed around the sites where 
the initial  Mg17Al12 phase exists owing to insufficient diffu-
sion of the Al atoms during heat treatment [28]. This inho-
mogeneous distribution of solute atoms in a homogenized 
billet eventually causes localized formation of the dynamic 
precipitates during extrusion (i.e., precipitate bands) [17]. 
In contrast, in the RS-AZ91 flakes, no  Mg17Al12 phase parti-
cles are formed owing to the rapid cooling rate. In addition, 
even though a compositional difference may exist between 
the dendritic and the interdendritic regions, this difference 
does not cause inhomogeneous distribution of dynamic 
precipitates because the average width of the dendrites is 
only ~ 200 nm. Therefore, the Al solute atoms supersatu-
rated in the RS flakes having an extremely fine structure 
are precipitated uniformly as  Mg17Al12 particles throughout 

the material during extrusion, which, in turn, results in a 
fine and uniform grain structure of the extruded RS-AZ91 
alloy owing to the effective inhibition of grain growth by the 
evenly distributed precipitates.

Figure 5 shows the tensile stress–strain curve and the cor-
responding values of the tensile properties of the extruded 
RS-AZ91 alloy. The alloy exhibits a TYS of 345 MPa, UTS 
of 417 MPa, and EL of 5.6%. Extruded AZ91 alloys fabri-
cated using a conventional billet have TYSs of 130–262 MPa 
and UTSs of 308–364 MPa [19, 29–31]. Therefore, it is clear 
that the extruded RS-AZ91 alloy has significantly higher 
strengths, especially TYS, as compared with the conven-
tionally extruded AZ91 alloys. Moreover, the strengths of 
the extruded RS-AZ91 alloy are higher than even those 
of the AZ91 alloys subjected to equal-channel angular 
pressing (ECAP), which is a representative severe plastic 
deformation process (TYSs of 164–290 MPa and UTSs of 
293–417 MPa), while maintaining comparable ductility 
(ELs of 2–9%) [29, 30, 32].

The strength of extruded Mg alloys is known to be gov-
erned by the combined effects of several strengthening 
mechanisms: texture hardening, dispersion hardening, solid-
solution hardening, strain hardening, precipitation harden-
ing, and grain boundary hardening. From the perspective of 
texture hardening, the extruded RS-AZ91 alloy exhibits a 
basal fiber texture in which the basal planes of most grains 
are oriented parallel to the ED (Fig. 3e). This texture is typi-
cal of extruded Mg alloys that do not contain RE alloying 
elements. Because the maximum texture intensity of the 
extruded RS-AZ91 alloy is relatively low (2.17 and 1.56 in 
the (0001) pole figure and ED inverse pole figure, respec-
tively), the substantially higher strength of the RS-AZ91 
alloy relative to that of the conventional AZ91 alloys is not 
due to the texture hardening effect. In addition, dispersion 

Fig. 5  Tensile stress–strain curve of extruded RS-AZ91 alloy. TYS, 
UTS, and EL denote the tensile yield strength, ultimate tensile 
strength, and total elongation, respectively
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hardening caused by undissolved second-phase particles is 
also precluded because the RS-AZ91 flakes do not have any 
second phase. The solubility limit of alloying elements in 
metallic materials varies with temperature; accordingly, the 
solid-solution hardening effect caused by the Al solute atoms 
dissolved in the α-Mg matrix is considered to be identical in 
the extruded RS-AZ91 alloy and conventional AZ91 alloys 
extruded under the same processing conditions.

The extruded RS-AZ91 alloy contains a small amount 
of the unDRXed grains, which are continuously deformed 
during extrusion and can contribute to tensile strengthen-
ing through a strong strain-hardening effect. Figure 6a, b 
show the results of the misorientation line profile in the larg-
est unDRXed grain among those observed in the extruded 
RS-AZ91 alloy. The crystal orientation changes gradu-
ally with the position in the grain, and the point-to-origin 
orientation difference within one unDRXed grain is up to 
27°. This indicates that the lattice of the unDRXed grains 
is severely distorted because the strain accumulated during 
extrusion cannot dissipate through the DRX mechanism. 
This lattice distortion can also be confirmed by comparing 

the average values of the grain orientation spread (GOS) and 
kernel average misorientation (KAM)—both of which rep-
resent stored internal strain energy [33]—of the DRXed and 
unDRXed regions. The average GOS value of the unDRXed 
region is ~ 10 times that of the DRXed region (7.97 and 
0.80 for the unDRXed and DRXed regions, respectively; 
see Fig. 6c), and the average KAM value of the unDRXed 
region is higher as well (1.31 and 0.87 for the unDRXed 
and DRXed regions, respectively; see Fig. 6d). Therefore, 
although the grain boundary hardening effect is somewhat 
weaker in the relatively coarse unDRXed grains than that in 
the fine DRXed grains, the strain hardening effect is stronger 
in the unDRXed grains owing to their high internal strain 
energy. However, this strain hardening effect does not play a 
decisive role in enhancing the strength of the extruded alloy 
because the area fraction of the unDRXed grains is small.

The uniformly distributed fine  Mg17Al12 precipitates 
can significantly contribute toward improving the strength 
of the extruded RS-AZ91 alloy. According to the Orowan 
equation, the Orowan stress induced by second-phase par-
ticles increases with decreasing interparticle spacing [21]. 

Fig. 6  Microstructural analysis of unDRXed grain: a inverse pole 
figure map, b misorientation line profiles along direction indicated 
by blue arrow in a, c grain orientation spread (GOS) map of region 
containing unDRXed grains and d distribution of kernel average mis-
orientation (KAM) values of DRXed and unDRXed regions. GOSDRX 

and GOSunDRX denote the average GOS values of the DRXed and 
unDRXed regions, respectively. KAMDRX and KAMunDRX denote the 
average KAM values of the DRXed and unDRXed regions, respec-
tively
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In conventionally extruded AZ91 alloys,  Mg17Al12 precipi-
tates are distributed locally in precipitate bands. The average 
interparticle spacing in the precipitate bands of the conven-
tional AZ91 alloy extruded at the same temperature as that 
employed in the present study (350 °C) using a homogenized 
billet is nearly identical to that of the extruded RS-AZ91 
alloy (~ 500 nm) [19]. However, the area fraction of the pre-
cipitate bands, which cause a meaningful precipitation hard-
ening effect, of the conventional AZ91 alloy is only 8.4%; 
therefore, the hardening effect by the  Mg17Al12 precipitates 
is very limited in this alloy because the precipitate-scarce 
region occupies most of the extruded material. In contrast, 
in the extruded RS-AZ91 alloy, finer and more abundant 
precipitates are formed over the entire material, not in the 
localized region. This is attributed to the increased number 
of nucleation sites for dynamic precipitation resulting from 
the ultrafine microstructure and homogeneous solute distri-
bution of the flakes. Accordingly, a considerable precipita-
tion hardening effect occurs in the extruded RS-AZ91 alloy, 
which plays an important role in improving its strength.

In addition to the abundant  Mg17Al12 precipitates, the fine 
DRXed grain structure of the extruded RS-AZ91 alloy—
which is induced by enhancement of the DRX and grain 
boundary pinning behaviors—also leads to considerable 
grain boundary hardening during tensile deformation. As 
the value of the Hall–Petch hardening coefficient of extruded 
Mg–Al–Zn alloys (e.g., AZ31, AZ61, and AZ80) at room 
temperature increases with increasing Al content [34], a 
remarkable increase in the Hall–Petch stress is caused by 
grain refinement in the AZ91 alloy, which has a high Al 
content of 9 wt%. Although a few unDRXed grains exist in 
the extruded RS-AZ91 alloy, their amount and size are small 
(their area fraction and average size are 3.2% and 5.9 μm, 
respectively; see Fig. 3b). Therefore, they do not cause 
meaningful weakening of the grain boundary hardening 
effect caused by the refined microstructure of the material.

The average grain size and TYS of the abovementioned 
conventional AZ91 alloy extruded at 350 °C using a homog-
enized billet are 20.1 μm and 211 MPa [19], whereas those 
of the extruded RS-AZ91 alloy are 1.2 μm and 345 MPa, 
respectively. According to the Hall–Petch equation, the 
increase in the Hall–Petch hardening stress (ΔσH–P) caused 
by the refined grain structure of the RS-AZ91 alloy relative 
to the conventional AZ91 alloy can be calculated as ΔσH–P
= k(dRS-AZ91

−0.5 − dExt-AZ91
−0.5), where k is the Hall–Petch coeffi-

cient, and dRS-AZ91 and dExtr-AZ91 are the average grain sizes 
of the RS-AZ91 alloy and conventional AZ91 alloy, respec-
tively. Using a k value of 0.23 MPa m1/2 for tension of the 
extruded AZ91 alloy [35] and the measured average grain 
sizes of the two extruded alloys, a strength improvement 
as high as 159 MPa can be achieved by grain refinement in 
the RS-AZ91 alloy compared with the conventional AZ91 
alloy (i.e., ΔσH–P). This calculated value is larger than the 

difference in the TYSs of both the alloys (134 MPa), which 
is probably because the lower texture hardening effect of the 
RS-AZ91 alloy than that of the conventional AZ91 alloy is 
reflected in the Hall–Petch hardening results (the maximum 
texture intensities in the ED inverse pole figure are 1.56 and 
3.3 for the RS-AZ91 and conventional AZ91 alloys, respec-
tively [19]). Even though the degree of the hardening effect 
due to grain refinement calculated by the Hall–Petch relation 
may not be accurate, it is certain that the fine grain structure 
with an average grain size of 1.2 μm of the RS-AZ91 alloy 
considerably contributes to its improved strength. Therefore, 
the high strength of the extruded RS-AZ91 alloy is mainly 
attributed to the outstanding effects of precipitation harden-
ing due to the uniformly distributed fine  Mg17Al12 precipi-
tates and grain boundary hardening caused by the almost 
fully DRXed microstructure with extremely fine grains.

4  Conclusions

In this study, we demonstrated that the RS FP/M technique 
can produce second-phase-free AZ91 flakes with an ultrafine 
dendritic structure and that an AZ91 alloy fabricated by 
extruding these RS flakes exhibits a fine and homogeneous 
microstructure and superior tensile properties. Hot extru-
sion using the flakes leads to the promotion of DRX and 
dynamic precipitation behaviors during extrusion, which 
increases the area fraction of DRXed grains owing to the 
presence of an increased number of nucleation sites for DRX 
and decreases the DRXed grain size owing to enhanced 
grain boundary pinning by precipitates. Consequently, the 
extruded RS-AZ91 alloy has a larger DRX fraction, smaller 
grain size, more abundant precipitates, and higher micro-
structural homogeneity than AZ91 alloys fabricated con-
ventionally by extruding cast billets. The considerably high 
strength of the extruded RS-AZ91 alloy is mainly attributed 
to the precipitation hardening and grain boundary hardening 
effects, which are caused by the abundance of fine  Mg17Al12 
precipitates distributed uniformly throughout the material 
and the significantly refined DRXed grains that occupy 
almost the entire area of the material, respectively.
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