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Abstract: AZ91 magnesium alloy was prepared by spray forming. The spray-deposited alloy was subsequently hot-rolled with a 80% 
reduction at 350 ℃. The microstructural features of the as-spray-deposited and hot-rolled alloy were examined by optical 
microscopy, scanning electron microscopy and X-ray diffractometry. The results show that the spray-formed AZ91 magnesium alloy 
has, compared with the as-cast ingot, a finer microstructure with less intermetallic phase Mg17Al12 dispersed in the matrix due to fast 
cooling and solidification rates of spray forming process, and, therefore showing excellent workability. It can be hot-rolled with 
nearly 20% reduction for one pass at lower temperatures (330−360℃), and the total reduction can reach 50% prior to annealing. 
After proper thermo-mechanical treatment, the spray-formed AZ91 magnesium alloy exhibits outstanding mechanical properties. 
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1 Introduction 

 
Magnesium alloys are attractive candidates for a 

number of structural applications due to their low density 
and good machinability. These materials also have other 
interesting properties, such as an excellent damping 
capacity and good electromagnetic shielding[1−3]. The 
important disadvantages of Mg alloys, besides the high 
surface reactivity, are their low strength (compared with 
other competing structural materials such as Al and steel) 
and low ductility, which limit their formability[4]. 
Significant efforts have been devoted lately to exploit 
stronger and ductile microstructures. With the advent of 
rapid solidification technology(RST), it becomes 
possible to develop magnesium alloys with attractive 
combinations of structure and properties[5−6]. In spite of 
the reported property improvements in magnesium-based 
alloys processed by RST, there are some critical 
drawbacks. The rapid solidified particulates must be 
consolidated to full density before they can be used as 
structural materials, which usually involves canning, 
cold pressing, degassing and final forming. The 
combination of highly reactive materials such as 
magnesium and aluminum and the large surface area 
associated with RST processes makes it impossible to 
avoid the formation of the oxide phases during handling 

and consolidation. In addition, the high reactivity of fine 
magnesium particulates requires that extensive safety 
precautions be taken during processing[7−10]. 

One processing approach, which has potential of 
circumventing the difficulties associated with particulate 
handling and processing is spray forming (SF). Spray 
forming, which combines the advantages of rapid 
solidification, semi-solid processing, and near net shape 
processing is a newly emerging science and technology 
in the field of materials development and production in 
recent years[11−13]. During spray forming, a liquid 
metal stream is atomized into a fine dispersion of 
droplets by high-pressure gas jets and the resultant 
distribution of droplets is directed towards a substrate, 
where it impacts and builds up into a deposit of 
predetermined thickness. Materials produced by spray 
forming show fine equi-axed grains and fine uniformly 
distributed second phases, which are responsible for the 
improved mechanical properties and workability. 
LAVERNIA et al[14], EBERT et al[15], CHEN et al[16] 
and FAURE[17] reported that the spray-formed 
magnesium alloys have excellent mechanical properties 
and workability. However, their work mainly focuses on 
the extrusion or drawing of the spray-formed magnesium 
alloy and there are no reports on the hot rolling 
characteristics of spray-formed magnesium alloy. 

Considering that hot rolling techniques have 
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extensive applications in wrought magnesium alloys, 
therefore, in the present work, AZ91 magnesium alloy 
was prepared by spray forming, the feasibility of hot 
rolling for this alloy at lower temperatures (330−360℃) 
was investigated, and the hot rolling characteristics of 
spray-formed AZ91 alloy were discussed. 
 
2 Experimental 
 

The material used in this experiment was AZ91 
magnesium alloy and the nominal composition (mass 
fraction) of this alloy was Mg-8.95%Al-0.63%Zn- 
0.5%Mn (mass fraction). In the process, the alloy was 
melted in the vacuum induction furnace. The melt was 
homogenized at 750−800 ℃ for 30 min prior to the 
spray deposition. The detail of the set-up was described 
in Ref.[18]. The size of the delivery tube was 4.5 mm in 
diameter. Argon, at an atomizing pressure of 0.3−1.0 
MPa, was used as the atomizing gas. The spray was 
deposited onto a substrate at a distance of 450 mm from 
the nozzle. The rotation and axial movement of the 
substrate guaranteed a constant deposition distance of 
450 mm throughout the deposition time. The size of the 
spray formed billet was 120 mm in height and 150 mm in 
diameter. The billet was machined and pieces of 100 mm 
in diameter were taken out from the central region of the 
deposit for further investigation. 

Archimedes’ method was used to determine the 
density of the spray-formed billet. The alloy blocks, with 
a thickness of 12 mm, were cut from the as-deposited 
AZ91 alloy. The rolls were heated to 130 ℃ prior to 
repeated rolling. The blocks were heated at 350 ℃ for 
20 min and then rolled with a reduction of 15%−20% for 
one pass. The total reduction in thickness was 80%. 
Ageing treatment was carried out in a nitrogen 
atmosphere (T5) at 185 ℃  for 0−8 h. The micro- 
structural features of the as-spray-deposited and 
hot-rolled alloys were examined by means of optical 
microscopy, scanning electron microscopy, transmission 
electron microscopy and X-ray diffractometry. The 
tensile properties were determined on an Instron-testing 
machine AG-5000A at tensile velocity of 1 mm/min. 

 
3 Results 
 
3.1 Microstructural features 

The microstructures of the as-sprayed AZ91 
magnesium alloy is shown in Fig.1. Compared with the 
as-cast ingot, the spray-formed AZ91 alloy has a finer 
microstructure with less intermetallic phase Mg17Al12 
dispersed in the matrix. The average grain size is about 
20 µm. This feature is invariably present in the samples 
from different regions. Fig.2 shows XRD patterns of 
as-cast and as-deposited AZ91 Mg alloy. The diffraction 
pattern of the spray-formed AZ91 magnesium alloy 

contains all peaks typical for Mg with the strongest of 
(101) at 2θ of 36.6˚ (see Fig.2(b)). The major difference, 
as compared with pattern from the same alloy in the 
 

 

Fig.1 Microstructures of as-deposited AZ91 magnesium alloy: 
(a) Optical microstructure; (b) SEM 
 

 
Fig.2 X-ray diffraction patterns of as-cast (a) and as-deposited 
(b) AZ91 magnesium alloy 
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as-cast state (Fig.2(a)), is that this pattern lacks distinct 
peaks for Mg17Al12 phase. In fact, the three strong peaks 
with I/Imax of 100%, 33% and 40.227% located at 2θ of 
36.191˚, 40.227˚ and 65.186˚, respectively are difficult to 
extract from the background noise. Based on a 
comparison with previously published diffraction 
patterns of the same alloy, it can be concluded that the 
volume fraction of the Mg17Al12 phase within 
as-deposited AZ91 magnesium alloy is much lower than 
9%−10% that detected in the as-cast state. The reduction 
in content of the Mg17Al12 phase is consistent with the 
observations made by GOVIND et al[19] during melt 
spinning and splat quenching. EDX analyses of a region 
of the as-deposited AZ91 alloy corresponding to the one 
in Fig.1(b) reveal an aluminum excess solubility of 
8.1%(mass fraction) for the black regions, which also 
indicates that the as-deposited magnesium alloy is a 
supersaturated material. In addition, there are some pores 
present in the billet. The porosity level is about 3%. 

In order to eliminate the pores in the billet and 
refine the grain, deformation is needed. In general, the 
deformation ability of AZ91 magnesium alloy ingot is 
poor due to the Mg17Al12 intermetallic phases dispersed 
continuously at the grain boundaries. Therefore, 
extrusion is often needed prior to rolling. MOHRI et 
al[20] and PEREZ-PRADO et al[21] reported that they 
were not able to roll AZ91 alloy ingot with grain size in 
the range 40−100 µm at pre-heating temperature lower 
than 400 ℃. In the present study, however, there are no 
difficulties in rolling as-deposited AZ91 alloy at 350 ℃. 
It can be hot-rolled with nearly 20% reduction for one 
pass and the total reduction can reach 50% prior to 
annealing. With 80% reduction, the grain size is much 
smaller than that of the as-deposited AZ91 alloy, as 
shown in Fig.3(a). Dynamic recrystallization is 
responsible for the grain refinement. In addition, there 
are fewer twins present after hot rolling for the 
spray-formed AZ91 alloy, which is quite different from 
the as-cast one (see Fig.3). Due to the high- 
supersaturated matrix, some Mg17Al12 intermetallic 
phases precipitate within the α-Mg grain during hot 
rolling (see Fig.4). After hot rolling, the excess solid 
solution of aluminum in the matrix is about 6.4%. That is 
to say, there are 1.8% (volume fraction) Mg17Al12 phases 
precipitating from the matrix. 

Because of the resultant excess solid solubility after 
hot rolling, T5 treatment was applied to the as-rolled 
AZ91 alloy. After peak ageing, four types of continuous 
precipitates were found within the α-Mg grains: 
lath-shaped precipitates, rod-shaped precipitates, 
hexagonal prism-shaped precipitates and equiaxial 
precipitates (see Fig.5). The lath-shaped precipitates lie 
in six different orientations parallel to the basal plane in 
the α-Mg matrix and account for approximately 30% 
(volume fraction) of the total precipitation, which is  

 

 
Fig.3 Optical microstructures of hot rolling of AZ91 
magnesium alloy: (a) Spray-formed; (b) As-cast 
 

 
Fig.4 TEM bright-field image of continuous precipitate 
morphology for spray-formed AZ91 alloy after being hot-rolled 
with 80% reduction (Precipitate I is precipitation during hot 
rolling, precipitate viewed at [0001]α) 
 
much lower than that of the as-cast AZ91 alloy under T6 
condition. The rod-shaped precipitates of 0.1 µm in 
width and 0.25 µm spacing, with the primary growth 
direction perpendicular to the basal plane, occupy 30% 
of the total precipitation and the last 40% precipitation is 
the hexagonal prism-shaped and equiaxial Mg17Al12 
precipitates of 0.1−0.4 µm in width, lying at an angle to 
the basal plane. For AZ91 magnesium alloys, the 
increased number of precipitates lying perpendicular or 
at an angle to the basal plane will be contributed to the 
increase in the hardening response. In the present 
investigation, the number of precipitates lying 
perpendicular or at an angle to the basal plane accounts 
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for approximately 70% of the total precipitation, which is 
responsible for the strength enhancement. In addition, the 
number of precipitates unit volume (NV) for the 
spray-formed AZ91 alloy at peak hardness is about 
1012/mm3, whereas for the as-cast AZ91 the NV is less 
than 1011/mm3[22]. Consequently, the large difference in 
NV between the spray-formed and as-cast AZ91 alloys is 
a major reason for the difference in the magnitude of the 
hardness response. 
 

 
Fig.5 TEM bright-field image of continuous precipitates 
morphology for spray-formed AZ91 alloy after being hot-rolled 
with 80% reduction and aged at 185 ℃ for 7 h: I Lath-shaped 
precipitates;ⅡRod-shaped precipitates;Ⅲ  Hexagonal prism- 
shaped precipitates; Ⅳequiaxial precipitates; (a) Viewed at 
[0001]α; (b) Viewed at [1120]α 
 
3.2 Mechanical properties 

Fig.6 compares the ultimate tensile strength(UTS) 
and yield strength(YS) of AZ91 alloy produced by spray 
forming with those of die casting and ingot extrusion. 
The improvement in the room temperature mechanical 
behavior in the present investigation is remarkable. The 
hot rolling as-deposited AZ91 alloy has YS of 297 MPa 
and UTS of 345 MPa. There are a 14%−35% increase in 
YS and a 11%−86% increase in UTS compared with 
those of the extruded ingot and die-casting. Furthermore, 
after peak aging the UTS can reach 370 MPa. 

For the as-rolled and as-rolled +T5 condition, there 
is no necking present on the fracture of the spray-formed 
AZ91 magnesium alloy. Obviously, the fracture mode is 
tearing. Furthermore, lots of dimples locate between the 

tear ridges but the dimples are quite shallow, as shown in 
Fig.7. After T5 treatment, the number of the small 
dimple increases sharply due to the Mg17Al12 
precipitation, which can be found at the bottom of the 
dimple. 
 

 
Fig.6 Comparison of YS and UTS of AZ91 alloy produced by 
die casting with those of spray-formed AZ91 alloy 
 

 
Fig.7 Morphology of tensile fracture of hot rolled spray-formed 
AZ91 alloy 
 
4 Discussion 
    

In general, the as-cast AZ91 alloy cannot be directly 
rolled at a temperature lower than 400 ℃ due to the 
presence of the large worm-like Mg17Al12 intermetallics 
and coarsening grains. However, the spray-formed AZ91 
alloys, with a finer microstructure, can be rolled at 350 
℃  and exhibit excellent ductility. Such large 
deformation cannot be expected if the basal slip system 
is the sole mechanism of plastic deformation. Grain 
refinement has a great contribution to the improvement 
of plastic deformation of the magnesium alloy. First, due 
to grain refinement, dislocation slip distance becomes 
shorter and deformation becomes uniform (see Fig.8). 
Secondly, grain boundary sliding and grain rotation 
become easier due to grain refinement. It is well known 
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that grain rotation cannot bring about strain, but can alter 
the grain orientation. As a result, it is difficult for the 
further deformation of the soft orientated grains. On the 
contrary, for the hard-orientated grains, after grain 
rotation, the orientation contributes to the deformation, 
which leads to the deformation harmony and uniform. 
Thirdly, grain refinement can activate the sliding system 
of non-basal plane, such as the prism and pyramidal 
plane. KOIKE[23] studied the deformation mechanism 
of fine-grain magnesium alloys. The results show that 
sliding in non-basal plane always takes place near the 
grain boundaries. For the grain size larger than 50 μm, 
sliding in non-basal plane occurs in a zone with a 
distance about 10 μm apart from the grain boundaries 
and for the grain size smaller than 10 μm, the non-basal 
plane will occur in the whole grain. Especially when the 
basal plane intersects with the grain boundaries, the 
screw dislocations can readily cross from the basal plane 
to the non-basal plane (see Fig.9). The activation of the 
sliding system in non-basal system has great effects on 
the improvement of the ductility of magnesium alloys. 
The contribution of sliding in non-basal plane to the total 
strain can reach about 40%[24]. In addition, in 
large-grained AZ91 alloy, twinning is often observed 
from the early stage of plastic deformation and serves as 
additional deformation mechanism to basal dislocation 
 

 

Fig.8 TEM image of hot rolling spray-formed AZ91 
magnesium alloy showing slipping dislocation in matrix 
 

 

Fig.9 Schematic illustration of deformation model in spray- 
formed AZ91 alloy 

slip in order to satisfy the von-Mises criterion[25]. In 
contrast, the as-deposited AZ91 alloy in the present 
investigation exhibits less twining after deformation of 
80% compared with the large-grained alloy. The 
difference in twinning tendency between the large- 
grained and the as-deposited AZ91 alloys is consistent 
with the fact that twinning becomes increasing difficult 
with decreasing grain size[26]. 
 
5 Conclusions 
 

1) AZ91 magnesium alloy is prepared by spray 
forming. The spray-deposited alloy is subsequently 
hot-rolled with an 80% reduction at 350 ℃. 

2) The spray-formed AZ91 magnesium alloy has, 
compared with the as-cast ingot, a finer microstructure 
with less intermetallic phase Mg17Al12 dispersed in the 
matrix due to fast cooling and solidification rates of 
spray forming process, and, therefore, shows excellent 
workability. It can be hot-rolled with nearly 20% 
reduction for one pass at lower temperatures (330−360
℃), and the reduction can reach 50% prior to annealing.  

3) The spray-formed alloy exhibits outstanding 
mechanical properties after proper thermo-mechanical 
treatments.  
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