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Abstract: The extrusion preform of the spray-formed SA12 Al alloy was hot rolled using high reduction rolling technology. By
means of transmission electron microscopy (TEM), electron backscatter diffraction (EBSD) and energy dispersive spectroscopy
(EDS), the microstructure evolution was studied and the strengthening and toughening mechanism was thereby proposed. The results
indicate that discontinuous and continuous dynamic recrystallization occurred during the hot rolling deformation of the spray-formed
5A12 Al alloy. The grain size was significantly refined and the micro-scale grains formed. Partial dynamic recrystallization leads to a
significant increase of dislocation density and cellular structure. The Mg atoms were distributed in the Al matrix mainly in the
presence of solid solution rather than the formation of precipitate. High solid solution of Mg atoms not only hindered the dislocation
motion and increased the density of dislocation, but also exhibited a remarkable solid solution strengthening effect, which contributes
to the high strength and high toughness of the as-rolled sheets. The tensile strength and elongation of spray formed 5SA12 Al alloy at

room temperature after 3 passes hot rolling were 622 MPa and 20%, respectively.
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1 Introduction

Due to its excellent corrosion resistance, good
welding performance and good mechanical properties,
Al-Mg alloys are widely used in aerospace, marine and
automotive industry [1-3]. Because of the low cooling
rate, the casting method always results in coarse grains
and macro segregation. Besides, the divorced eutectic
structure forms easily with the content of Mg up to 5%,
which significantly reduces the solid solubility of Mg in
the alloy. As a result, it is hard to prepare Al-Mg alloys
with high performance by using conventional casting
method [4]. Due to the fast cooling rate, large Mg solid
solubility, fine grain size and no macro segregation, the
spray forming technology can effectively overcome the
shortage of conventional casting method, which is an
ideal method to prepare AlI-Mg materials with high Mg
content [5—7]. HOGG et al [7] prepared Al-5.31Mg—
1.15Li alloy by means of spray forming technology. The
tensile strength and elongation at room temperature after

hot forging were 459 MPa and 11%, respectively.

In recent years, a growing interest has risen in
fabricating ultra-fine grain materials with high strength
by severe plastic deformation processing, which includes
equal channel angular extrusion [8], torsion [9],
accumulative roll bonding [10], etc. However, those
processing methods can only produce materials with
relatively small scale and are unlikely to produce
materials at low cost. Consequently, in order to produce
large size structural materials under low cost and to
obtain fine microstructure and high strength and
toughness, the high reduction rolling technology can be a
viable option. GHOLINIA et al [10] prepared Al-3Mg
alloy with micro-scale grain structure by using hot
rolling process. LIU et al [11] studied the microstructure
evolution of chill cast AI-6Mg during hot rolling process.
YIN et al [12] obtained Al-5Mg alloy with high strength
by hot rolling technology, the tensile strength and
elongation at room temperature are 398 MPa and 18%,
respectively. However, because the alloy with higher Mg
content is more easy to crack during the rolling process,
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until now, most rolling efforts have been focused on the
Al-Mg alloy with the content of Mg less than 6%. The
reports on the large strain rolling deformation of Al-Mg
alloy with high Mg content are fewer, especially for the
spray-formed Al-Mg alloy. The present paper firstly
reported the microstructural evolution and mechanical
properties of the spray-formed 5A12 Al alloy processed
by high reduction rolling, and the strengthening and
toughening mechanisms were also proposed.

2 Experimental

2.1 Materials

5A12 Al alloy deposition preform was prepared on
SF380, which was a self-developed spray forming
equipment. The composition of the alloy was Al1-9.1Mg—
0.48Mn—0.2Zn-0.1Ti (mass fraction, %) with the
impurity of Fe and Si less than 0.02%. The alloy was
melted in graphite crucible at the melting temperature of
1053 K. In order to reduce the content of oxide in the
alloy, the gas atmosphere was N, during the melting and
slag removal process. At 1103 K, the melt was poured
into a pre-heated ceramic tundish maintained under the
N, atmosphere. The melt flowed through a graphite
nozzle into an atomiser and was atomised by N, jets of
high flow rate. The atomizing particle was deposited on a
steel collector plate and accumulatively solidified into a
250 kg preform of ~d280 mm % 1500 mm. The preform
was then processed to round ingot of @250 mm X
500 mm. Subsequently, the round ingot was extruded
into a slab of 100 mm X 12 mm at 723 K with the
extrusion ratio of 15:1. Figure 1 presents the EBSD map
of thus obtained slab. Several samples of 100 mm x
50 mm X 12 mm from the slab were prepared and rolled
for 3 passes. The parameters of the rolling process are
shown in Table 1. Samples were immediately immersed
into water at room temperature for cooling after each
pass rolling.

2.2 Characterization

In order to investigate microstructure evolution of
the deformed specimen, combination transmission
electron microscopy (Titan G2 60-300 TEM) and
electron backscatter diffraction (EBSD, Helios Nanolab
600i-SEM) were employed for microstructure
observation. The specimens were prepared by the

Table 1 Parameters of rolling technology

‘ Direction of extrusion

Fig. 1 EBSD map of spray-formed 5A12 Al alloy after
extrusion at 723 K (Step=0.2 um)

standard twin-jet electro polishing method using 67%
CH;0H and 33% HNO; acid at =30 °C. Similarly, the
EBSD samples were prepared by electro polishing
method at —30 °C, using a solution of 80% C,Hs;OH and
20% HCIO, at 20 V for 30 s. The EBSD samples were
analyzed by TSL OIM software, performing at 20 kV
and 70° tilt with 0.2 um scan step. The EDS analysis was
performed in a Super-X at 30 kV. The tensile properties
at room temperature of the samples obtained along the
rolling direction were examined on the Instron 3369

tensile machine with a strain rate of 0.1 s\,

3 Results

3.1 Microstructure evolution
3.1.1 Distribution of Mg and Mn

The TEM micrograph of the extrusion preform of
spray-formed 5A12 Al alloy is shown in Fig. 2(a). As can
be seen, some strip-like precipitates can be observed.
Figures 2(b) and (c) present the EDS analysis of
precipitate 4 and matrix B. It is indicated that precipitate
A is rich in Mn, while no Mn can be detected in matrix B.
Further analysis reveals that precipitate 4 is MnAlg phase.
On the basis of the above analysis, it can be concluded
that Mn atoms mainly exist in the form of precipitate
phase MnAlg, which has a strengthening effect on the
alloy.

Figure 3(a) presents the TEM micrograph of the
extrusion preform of spray-formed 5A12 Al alloy after
the first pass rolling deformation. The grain boundaries

Rolling Rolling Holding Plate thickness Deformation of Accumulated
pass temperature/K time/min Hy/mm H,/mm single pass/% deformation/%
1 673 15 12 5.4 55 55
2 673 15 5.4 3.1 43 74
3 673 15 3.1 2.0 35 83
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Fig. 2 TEM image (a) of 5A12 Al alloy in as-sprayed form
condition, representative EDS analysis of point 4 (b) and point
B(c)

were preferred to be corroded during the electrolytic
reduction process. Figure 3(b) shows a line scan EDS
analysis signed by the dotted arrow in Fig. 3(a). It can be
seen that the content of Mg is almost uniform, except a
small fluctuation near the grain boundary, as signed by
arrow 1 in Fig. 3(b). This indicates that Mg atom in the
spray-formed 5A12 Al alloy is well distributed at the
grain boundary and inside, and almost all dissolved in
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Fig. 3 TEM micrograph (a) and EDS results (b—e) of spray-
formed SA12 Al alloy after 1-pass rolling

the Al matrix. Figures 3(c)—(e) show the area scan EDS
analysis of the region signed in Fig. 3(a). As can be seen,
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the distribution of Mg in the whole scan area is very
uniform and the solubility of Mn atoms in aluminum
matrix is small. The Mn atoms mainly exist in the form
of MnAlg phase, which is consistent with the results in
Fig. 2. As a result, the content of Mn is significantly
higher near the MnAlg phase, as marked by arrow 2 in
Fig. 3(b).
3.1.2 EBSD observation

Figure 4 presents the EBSD orientation maps of the
spray-formed 5A12 Al alloy after rolling. It can be seen
that dynamic recrystallization occurred under different
deformations. Along with the increase of deformation,
the amount of fibrous grains increases and the grain size
refines. As can be seen in Fig. 4(a), the microstructure of
the alloy after the first pass rolling is non-uniform, which
exhibits a bimodal structure with coarse and fine grains.
In the coarse grain region, the grains are severely
deformed and no recrystallized grain can be observed.
The fine grain region mainly consists of well-distributed

and fine grains formed through dynamic recrystallization.

The formation of the grains is mainly due to that at
elevated temperature the grain boundaries are mobile.
Some other grains become longer and thinner due to the
rolling force. ZHA et al [8] found that a bimodal grain
structure comprising ultrafine grains and micron-sized
grains achieved in Al-7Mg alloy via the
equal-channel angular pressing.

As can be seen in Fig. 4(b), after 2-pass hot rolling
deformation, the structure tends to be uniform and the

was
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differentiation between coarse and fine grains decreases
obviously. A large number of recrystallized grains can be
observed near the grain boundaries, e.g. one signed by
arrow in Fig. 4(b). The length to width ratio of the grain
size further increases, some even up to 20:1 (particle 4).
The size of dynamic recrystallization grains significantly
increases after the extrusion and the 1-pass rolling
processes. The shape is extended along the rolling
direction. It is thought that this is due to dynamic grain
growth becoming important at higher temperature
(673 K).

From Fig. 4(c), it can be seen that, after 3-pass hot
rolling deformation, the dynamic recrystallization grains
formed during the former hot rolling deformation
processes continuously grow towards fibrous shape. The
grains with large length to width ratio are constantly
broken during the deformation process. The
microstructure is significantly refined and appears to be
lamellar boundary structure. A large number of
sub-micron ultrafine grains can be detected. The
continuous recrystallization process, which is often
termed as geometric dynamic recrystallization (GDR),
has been observed to occur in a number of aluminum
alloys [13]. Figure 4(d) presents the grain orientation
distribution diagram of the spray-formed SA12 Al alloy
after 3-pass hot rolling deformation. It can be seen that
the grain boundary angles of the alloy after large
deformation are mainly high-angle boundaries

(HABs >15°), about 86.7%.

Grain boundaries
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Fig. 4 EBSD orientation maps of spray-formed 5A12 Al alloy after 1-pass (a), 2-pass (b), and 3-pass (c) rolling at 673 K, grain

orientation distribution diagram (d) of 3-pass rolling material (ND: normal direction; step=0.2 pm)
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3.1.3 TEM observation

Figure 5 presents the TEM micrographs of the
extrusion preform of the spray-formed 5A12 Al alloy
after hot rolling deformation under different conductions.
With the increase of deformation, the dislocation density
in the alloy and the amount of sub-structure and
ultra-fine grains increase. As can be seen in Fig. 5(a),
partial dynamic recrystallization takes place at some

Recrystal grains

\
\

High-angle grain
boundary

= b
Fig. 5 TEM micrographs of spray-formed 5A12 Al alloy after
1-pass (a), 2-pass (b), 3-pass (c) rolling at 673 K

areas during the first pass hot rolling. Straight and
high-angle grain boundaries can be clearly observed.
Some recrystallized grains have dislocations, while
others do not, which indicates that process hardening
coexists along with the recrystallization.

The structure of the alloy after 2-pass hot rolling
deformation is shown in Fig. 5(b). As can be seen, with
the increase of deformation, new dislocations appear and
the density of dislocation significantly increases. Also,
large dislocation tangles appear and a large number of
closed cell walls form. Due to dynamic recrystallization,
these cell walls divide the crystals into a number of
spherical areas, which are close and with low dislocation
density. These areas are dislocation cells, the size of
which is 50—100 nm. Due to the less deformation amount
of the second pass hot rolling compared with the first one,
the recrystallization in the second pass is less complete
and therefore the crystallization is incomplete dynamic
crystallization, which results in the formation of cell
structure.

Figure 5(c) presents the structure of the alloy after
3-pass hot rolling deformation. It can be seen that the
dislocation density further increases and also, the region
of dislocation tangles and the amount of dislocation cells
increase. However, the size of dislocation cell is less than
that in the second pass. This can be attributed to the
following two reasons: 1) Along with the continuous
increase of dislocation density, the dislocation
movement, interaction and rearrangement provide more
favorable conditions for the formation of dislocation
cells; 2) Due to the less deformation amount in the third
pass, the dynamic crystallization during the hot rolling
process becomes worse, while the dynamic recovery is
dominant. The diffraction pattern of the samples in
Fig. 3(d) indicates the ultra-fine sized near-randomly
oriented polycrystalline structure.

3.2 Mechanical properties

Figure 6 shows the engineering stress—strain and
elongation curves of the spray-formed 5A12 Al alloy in
different states. As can be seen in Fig. 6, the spray-
formed samples exhibited low mechanical properties, i.c.,
ultimate tensile strength (UTS) of 254 MPa and
elongation of 6.0%. The mechanical properties of
extruded samples are much higher than the as-sprayed
samples, i.e., UTS of 427 MPa and elongation of 10.0%.
For the extrusion preform, the mechanical properties
have significantly increased after the hot rolling
deformation. The UTS and elongation at the room
temperature are 484 MPa and 12.7% after the first pass
hot rolling, and reach up to 622 MPa and 20.0% after the
third pass hot rolling. The stress—strain curves suggest
that the as-sprayed 5A12 Al alloy would be amenable to
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strengthening and toughening by hot rolling, which is
often carried out for non-heat-treatable alloys.

A comparison of the mechanical properties between
spray-formed SA12 Al alloys after extrusion and hot
rolling deformation under various reductions and the
Al-Mg alloys prepared by other technologies are
presented in Table 2. It is worthy to note that, to the best
of our knowledge, no higher tensile strength and
elongation of 5A12 Al alloy at the room temperature
have been reported.

From Fig. 6(a), it can be seen that the stress—strain
curves of the spray-formed 5A12 Al alloy behave
serration-like shape, as shown by the arrows. This
phenomenon is often observed in the Al-Mg alloys
after tensile and compression at low deformation
rate [8,14,15], which is attributed to the dynamic strain
ageing (DSA). ZHA et al [8] found that an increasing Mg
addition can result in a remarkable increase of the
maximum serration amplitude in the Al-Mg alloys.
Hence, the high solubility of Mg in the present material
should be a major reason for the observed DSA
serrations. As the DSA effect reflects the interaction
between mobile dislocations and diffusing Mg solute
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clusters [14], different DSA behaviors in the spray-
formed SA12 Al alloy should be attributed to the
difference in grain size and dislocation structures.

4 Discussion

As can be seen in Figs. 2 and 5, dynamic
recrystallization occurs in the alloys extruded at 723 K
and rolled at 673 K. Dynamic recrystallization and
recovery absorb dislocations consume a large amount of
dislocations formed during the process of large
deformation, which leads to the alloy softening. It can be
seen in Fig. 2 that the dislocation density of the extruded
alloy is low, which is mainly due to the significant
dynamic recrystallization of the alloys extruded at high
temperature and the corresponding more obvious
softening effect. With the increase of the hot-rolled
deformation and with the decrease of distortion
temperature, the dynamic recrystallization grain size
tends to refine and the recrystallization is incomplete
dynamic recrystallization. The softening effect due to
dynamic recrystallization and dynamic recovery is less
than that of strain hardening. Moreover, with the increase
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Fig. 6 Engineering stress—strain (a) and elongation (b) curves of spray-formed 5A12 Al alloy in different states: as spray-formed,

as-extruded at 723 K and as-rolled (1P, 2P and 3P) at 673 K

Table 2 Tensile properties of spray-formed 5A12 Al alloy in different states

. Deformation

Material 09,/MPa o,/MPa 0/%
Temperature/K Process Parameter
5A12 (Spray forming) - - 0 187 254 6.0
5A12 (Spray forming) 723 Extrusion Rate 15:1 380 427 10.0
5A12 (Spray forming) 673 Rolling 55% (1P) 365 484 12.7
5A12 (Spray forming) 673 Rolling 74% (2P) 394 521 18.0
5A12 (Spray forming) 673 Rolling 83% (3P) 471 622 20.0
Al-5.31Mg-1.15Li—0.28Zr .
. 673 Forging 40% 388 459 11.0
(Spray forming) [7]

Al-7Mg (Casting) [8] 293 ECAP 3P 446 507 14.0
Al-6Mg—0.3Sc (Casting) [15] 598 ECAP 4P 285 389 29.0
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of rolling deformation, the gap between softening and
hardening effect increases, leading to higher dislocation
density of large strain specimen than that of the extruded
and low-strain rolled specimens (Fig. 5).

The dislocations in the tested alloys during high
strain rolling are remarkably increased, which leads to
the formation of a large number of dislocation cell,
non-equilibrium LAGB and sub-grains (Fig. 5).There is a
trend that these unstable substructures continuously
transit to stable structure [8,16,17]. For instance, when
the strain is large enough, LAGB can transform into
HAGB, which promotes the division and decomposition
of large grains and thus effectively refines the grain.
Figure 5(a) shows that the grains in the coarse grain
region mainly were evolved from the square shape grains
of the extruded alloy and severely deformed during the
hot rolling deformation. Moreover, a small amount of
ultra-fine recrystallized cores were observed near the
grain boundary. The fine grain zone is a dynamic
recrystallization Some of the
recrystallized grains are equiaxed and the other become
longer and thinner under the rolling force, which leads to
the formation of the double-state microstructure. The
ultra-fine grains in Fig. 4(c) may consist of two different
recrystallized grains. One part is the geometrically
dynamic recrystallized grains, which is one kind of
continuous recrystallization and formed during the
deformation under large strain of hot rolling, and the
other is discontinuous dynamic recrystallization grains

microstructure.

and formed by nucleation and growth at grain boundaries.

This is basically consistent with the results reported by
GHOLINIA et al [10].

During the study of large plastic deformation of
Al-Mg alloy, LIU et al [18] found that the higher the Mg
content, the smaller the average grain size of the alloy.
The increase of Mg content leads to more dislocations
being trapped by solute atoms, which provides a large
number of dislocation sources for the splitting of large
grains into substructures, thus promoting the dislocation
cell structure and the formation of sub-grains. In the
present work, Mg content in the alloy reaches 9%, and
the rapid solidification of the spray forming process
greatly enhances the solid solubility of Mg in the alloy.
Therefore, the number of dislocations captured by Mg
solute atoms during the process of plastic deformation is
much higher than that of the traditional alloys, thus
contributing to a uniform, ultra-fine grain structure.
Meanwhile, high solid solubility of Mg can promote the
formation of the dislocation couple and dislocation
ring [8], which contributes to the strong interaction
between dislocations, and thus promotes the nucleation
and growth of dynamic crystallization under large strain
and the formation of large sub-micron recrystallization
grain (Fig. 5(c)).

In this study, the high mechanical properties, i.e.,
UTS of 622 MPa and elongation of 20.0%, were
achieved in spray-formed 5A12 Al alloy via the
combination of extrusion deformation, rolling
deformation and a high level of solute Mg content. The
above results demonstrated that the high mechanical
properties achieved in the 3-pass rolling samples can be
attributed to the high solute Mg content, the high
dislocation density and the ultrafine grains. Thus, the
main strengthening mechanism in this research is the
solid solution strengthening of Mg and the strengthening
of dislocation and grain boundary. The relationship
among the yield strength, solid solution concentration,
dislocation density and grain boundary can be expressed
by the following formula [18]:

0ys=0sstopstops 1

where ogg is the solute strengthening increment, opg is
the dislocation strengthening increment, opg is the grain
boundary strengthening increment.

5 Conclusions

1) The extrusion preform of the spray-formed 5A12
Al alloy shows favorable hot rolling performance. Plates
with excellent mechanical performance were prepared at
673 K under 3-pass hot rolling with the accumulative
deformation up to 83%, the tensile strength and
elongation at room temperature reach up to 622 MPa and
20.0%, respectively.

2) Discontinuous and continuous dynamic
recrystallization occurred in the extrusion preform of the
spray-formed 5A12 Al alloy during the 3-pass hot rolling
process. The grain size is significantly refined and a
bimodal structure with nano- and micro-scale grains
forms. Simultaneously, with the increase of dislocation
density, cell structures with high dislocation density form,
whose size is 50—100 nm. The content of high-angle
boundaries in the alloy reaches up to 86.7% after 3-pass
hot rolling deformation.

3) In the plates prepared by the extrusion preform of
spray-formed S5A12 Al alloy, Mg atoms are well
distributed and the solid solution strengthening effect is
obvious. Also, the cell structures with high dislocation
density and fine grains are the main strengthening
mechanisms.
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