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Abstract: Cooling slope casting has been applied to aluminium casting alloys for producing ingots with non-dendritic
microstructure. Semi-solid forming of the AA7075 was studied via cooling slope casting, reheating and thixoforging processes in
order to determine the effect of semi-solid casting on the microstructure of the alloy. AA7075 ingots with non-dendritic
microstructure were produced with cooling slope pouring. Castings were characterized by light microscopy, image analysis, scanning
electron microscopy and EDS analysis. The resulting structures are promising in terms of grain size and sphericity. It was realized
that grain coarsening may occur very suddenly in the reheating process. Cooling slope castings were obtained with 30° and 60°
inclination angles, and in comparison, 60° castings showed better results. Moreover, by using short reheating periods, semi-solid

forging causes trace formation in the solid grains.
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1 Introduction

Aluminium alloys possess remarkable engineering
properties like low density, high toughness, high specific
strength and low cost. The 7xxx series aluminium alloys
are widely used in military equipment, automobile, and
aerospace industries. AA7075 is the most wildly used
alloy in the 7xxx series with superior properties
comparable to soft steel. Aluminium alloys are generally
fabricated with casting and forging processes [1—6]. The
formation of defects and equipment requirements in the
casting process, and difficulties of manufacturing thin
and complex geometries in the forging process cause
several disadvantages in the fabrication of aluminium
alloys. Semi-solid metal forming (SSMF) technology
combines the advantages of casting and forging
processes and eliminates the disadvantages in the
fabrication of aluminium alloys [7—10].

SSMF process can be defined as a near-net shape
manufacturing route. It exhibits the considerable forming
ability and mechanical properties for both steel and
non-ferrous alloys. SSMF can be classified into two
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groups, rheoforming and thixoforming. Thixoformed
samples also provide comparable mechanical properties
with the forged ones. Non-dendritic, equiaxed and
globular grain structure is essential to form aluminium
alloys without any defects in a semi-solid state. Desirable
microstructural properties for the SSMF of aluminium
alloys can be obtained by several manufacturing routes
like cooling slope casting (CSC), recrystallization and
partial melting (RAP) and strain induced melt activated
(SIMA) methods [11—14]. CSC is one of the most widely
used processes to produce feedstock for further
thixoforming treatment. It involves two main process
steps: (1) pouring molten metal through a plate, and
(2) solidification of metal in a mould. Non-dendritic and
globular grain structure can be obtained by dendritic
fragmentation and crystal separation mechanisms. The
weak dendrite arms may occur on the contact surface of
the cooling slope and molten metal flow through the
inclined slope results in the fragmentation of dendrite
arms. On the other hand, globular grains nucleate and
grow through the cooling slope wall and these grains
move into a mould with molten metal flow [15—18].
There are several studies about the manufacturing of
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AA7075 in semi-solid state by using CSC, RAP and
SIMA methods. JAVDANI et al [19] also investigated
the semi-solid forming of AA7075/Al,0; composites.
MESHKABADI et al [20] combined the ECAP and
subsequent heating to semi-solid process temperature for
AA7075 and the microstructure of the alloy became
more suitable for SSMF. Although semi-solid processing
of AA7075 is advantageous for obtaining suitable
microstructure, the liquid—solid phase ratio, process
temperature and holding time are critical for desired
microstructural and mechanical properties. FU et al [21]
stated that fracture mode depends on the liquid fraction
of the sample for semi-solid processed AA7075. In the
study of CHEN et al [22], It was determined that the hot
tensile behaviour of AA7075 is governed by both solid
and liquid phases between 520 and 550 °C, and above
550 °C, and the liquid phase is dominant for the tensile
behaviour at semi-solid state. Another critical case for
the semi-solid processing of the AA7075 is grain
coarsening occurred during the process. ROKNI
et al [23] emphasized that the enhanced semi-solid
process temperature induces a grain coarsening and the
thickness of the liquid phase at grain boundaries is
increasing. MOHAMMADI et al [24] reported that the
grain size and morphology of semi-solid processed
AA7075 may be influenced by holding temperature and
time. The volume fraction of the liquid phase increases
with the enhanced process temperature and the globular
grains also coarsen at long holding time. FU et al [25]
also observed that the dominant
mechanism for grain coarsening in the early stage of
melting and the Ostwald ripening is active for longer
holding time for AA7075. JIANG et al [26] compared
the microstructural properties of AA7075 fabricated with
SIMA and RAP. It was observed that the RAP provides
more globular grain structure compared to SIMA and,
Ostwald ripening may occur for the SIMA and RAP
processes applied at 590 and 600 °C. GUNER et al [27]
also reported that the mean size of the grains increases
with increasing treatment temperature for the SIMA-
processed AA7075. ATKINSON and LIU [28] compared
the grain coarsening behaviour of various aluminium
alloys for RAP and CSC. It was stated that grain
coarsening of AA2014 is more critical in CSC compared
with RAP. Although the CSC process is sensitive to grain
coarsening, there are limited studies about grain
coarsening behaviour of CSC-processed AA7075.

coalescence is

2 Experimental

In the casting process, a 10 mm-thick AA7075 plate
supplied from a local supplier was used. The chemical
composition of this alloy is given in Table 1. Fragments
of the plate in appropriate size were melted in a

clay/graphite crucible using an electric-resistant furnace.
The melting process was carried out at 660 °C (25 °C
above liquidus temperature) and 750 g alloy was melted
for each casting. Any grain refinement procedure was not
performed during melting. After melting, the liquid metal
was poured into a cylindrical steel mould with a diameter
of 40 mm through a cooling slope. A copper tube with a
length of 650 mm and a diameter of 50 mm was used as
a cooling slope. The inside of this tube was coated with
hexagonal boron nitride spray to prevent metal adhesion.
Separate castings were made by using 30° and 60°
inclination angles.

Table 1 Chemical composition of AA7075 (wt.%)

Si Fe Cu Mg Zn
0.1 0.19 1.53 2.55 5.89
Mn Cr Ni Ti Al
0.07 0.18 0.0058 0.024 Bal.

Slugs with a length of 40 mm were cut out from
ingots and reheated to 615 °C (20 °C below liquidus
temperature). A laboratory-type electric-resistant heat
treatment furnace was used for the reheating process.
Reheating time was determined to be 30, 60 and 90 min,
respectively. Two slugs were reheated each time, one of
them was quenched and the other was thixoforged with
50% deformation rate in an open die using a hydraulic
press.

After these processes, specimens were taken from
approximately centre zone of quenched and thixoforged
slugs and subjected to metallographic preparation
procedures. Keller reagent was used for etching. Basic
microstructure observations and measurements were
achieved using a light microscope and image analysis.
Further observations and EDS analyses were carried out
with a scanning electron microscope.

3 Results and discussion

Casting temperatures should be kept within low
super heat temperature limits in order to obtain high
efficiency from cooling slope castings. The determined
casting temperature 660 °C is in low super heat limits for
AA7075 and at this temperature, the alloy has enough
fluidity that can be completely poured out of the crucible
by gravity. Of course, it should not be expected that the
high fluidity of the casting alloys comes from the
AA7075, which is a wrought alloy. The average ingot
mass values obtained in the castings with 30° and 60°
slope angles are 572 and 705 g, respectively. In this case,
the casting efficiencies are calculated as 76.26% and
94.00%, respectively. During the castings, especially in
30° inclined pouring, a retained thick alloy shell was
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observed in the copper tube.

Microstructures of as-cast ingots are shown in Fig. 1
and measured average grain size and grain aspect ratio
(d/L, where d is the width of the grain, L is the length of
the grain) values are given in Table 2. First of all, cast
structures show that for AA7075 the non-dendritic
microstructure can be completely obtained by cooling
slope casting. There are no dendritic zones in the
microstructures and the grain shapes are close to the
sphere.
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Fig. 1 Microstructures of as-cast ingots at different slope angles:
(a) 30°; (b) 60°

Table 2 Grain size and aspect ratio values of as-cast

microstructures
Slope Average grain Average aspect
angle/(°) size/um ratio, d/L
30° 66 0.82
60° 52 0.80

The grain size of the ingots poured with 60° slope
angle is significantly lower than that of 30°. And there is
no noticeable difference in aspect ratios. In the 60° slope
castings, finer grains are the result of increased shear
force due to the high metal flow velocity. In cooling
slope castings, grains nucleate and drift on the slope
surface. For high process angles, they are naturally
subjected to more shear force and ruptures.

When the microstructure images are examined
carefully, it is noticed that there are grain coalescences in
some regions. This is the case in both but is more
obvious in 30° slope castings and it is a reason for
increasing grain size. The slow flow in low angle casting

increases the accumulation, even these coalescences
cause the formation of entrapped porosity. In Fig. 2,
some coalescence zones and entrapped porosities are
indicated on the microstructure of 30° as-cast ingot
microstructure.

In addition, intergranular porosity is seen in
microstructures, relatively low fluidity of the alloy and
rapid solidification process are the main reasons for this
formation.

Fig. 2 Indicated coalescence zones and entrapped porosities on
30° as-cast ingot microstructure

In experimental work, reheating temperature was
applied at 615 °C. This temperature is just 20 °C below
the liquidus point of AA7075 and relatively high in the
wide solidification range (158 °C). However, at this
temperature, only about 30% liquid is formed [7,22,25].

Microstructures of quenched and thixoforged slugs
after reheating are shown in Figs. 3 and 4 at slope angles
of 30° and 60°, respectively. The average grain sizes and
grain aspect ratios of these structures are given in Fig. 5.

In AA7075, Cr-containing precipitates like
AlpMg,Cr and Al;sMg;Cr, (E-phase) limit grain
coarsening and recrystallization by pinning the grain
boundaries [29]. It is most likely that these precipitates
are not formed as a result of rapid solidification in the
casting by the cooling slope. Therefore, the grain growth
started before liquefaction and increased dramatically
after liquefaction in grain boundary zones.

In this coarsening process, both the grain
coalescence and the Ostwald ripening mechanisms are
effective. JIANG et al [26] worked with the SIMA and
RAP processes on the AA7075 and mentioned the
presence of these two growth mechanisms in the
semi-solid heating. Most of the grain coarsening took
place in the first half-hour of reheating sequence.
Reheating to the relatively high temperature, a liquid
network was rapidly formed at the grain boundaries and
this accelerated grain coarsening. The liquid zones,
which form during reheating process, can be observed
in microstructures as dark areas at grain boundaries and
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Fig. 3 Microstructures of quenched and thixoforged slugs cast with slope angle of 30°
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Fig. 4 Microstructures of quenced and thixoforged slugs cast with slope angle of 60°
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Fig. 5 Average grain size (a) and grain aspect ratio (b) values of
slug microstructures

spherical black spots in the grains. These spots are
entrapped liquids formed by grain coalescence. Figure 6
illustrates these liquid regions in a high magnification
microstructure image. Due to the increase in the holding
time at the reheating temperature, the liquid zone is
markedly increased. This increase is also the result of
coalescence with liquid migration as well as an increase
in the total amount of liquid. In the thixoforged samples,
the liquid regions appear to be wider, the open die
forging extends these areas because of liquid spray.
There is no significant difference in grain size at the end
of reheating of 30° and 60° slope castings. In the slugs
from both castings, grain coarsening happens in a close
range. In the evaluation of grain aspect ratios, it can be
said that grains of the slugs from 60° slope casting are a
little closer to the sphere.

Fig. 6 Liquid zones in microstructure of reheated specimen
(cast with 30° slope angle and reheated for 90 min)

The microstructures of the thixoforged samples
show that the forging has no significant effect on both
grain structure and shape. During deformation, mostly
the liquid phase flowed through the solid grains.
However, after 30 min of reheating the thixoforged slugs
have remarkable traces in the inside of the grains. These
traces are observed in the samples from both castings.

AA7075 contains Zn, Mg and Cu as the main
alloying elements according to the amount of contents.
Considering other trace elements, the chemical structure
of this alloy is quite complex. It should not be expected
that the liquid formed in the reheating process of such an
alloy is homogeneous with the present solid and original
of the alloy composition. EDS mapping analysis was
performed on the thixoforged specimen which was cast
with 60° slope angle and reheated for 30 min. Results of
this analysis can be seen in Fig. 7. The liquid regions
formed during the reheating process are rich in Cu, while
the Al content is rather lower than the average. And there
is no great difference between the amounts of Zn and
Mg. FU et al [25] studied ECAP (equal-channel angular
pressing) based SIMA process of AA7075 and reported
critical segregation of Cu and slight segregation of
Mg and Zn at grain boundaries during semi-solid
heating. Mg and Zn are easily dissolved in Al grains, and

Fig. 7 SEM image (a) and EDS mapping analysis (b—e) of
thixoforged specimen cast with 60° slope angle and reheated
for 30 min
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generally Cu has segregation tendency to the grain
boundaries.

In the microstructures of only 30 min reheated, 60°
slope angle, and semi-solid shaped samples, the traces
appearing inside the grains are unusual. These traces are
found to be more closely with the light microscope and
SEM, and images are given in Fig. 8.

Fig. 8 OM (a) and SEM (b) images of traces (60°, 30 min
reheated sample)

In particular, as can be seen from the SEM image,
these traces have an ultra-fine mixed particle-like
morphology. EDS mapping was applied to a region
containing these traces from the same sample and the
results obtained are shown in Fig. 9. The results show
that the traces do not have a more different composition
than the rest of the grain. In this case, it can be said that
they do not occur as a result of any segregation.

These traces can only be seen in 30 min of reheating
and semi-solid forming conditions and this situation
gives an idea about their formation.

A significant deformation may not occur in the solid
grains, mostly due to the movement of the liquid phase in
semi-solid forming. However, considering that much
liquid cannot be formed at the reheating time of 30 min,
the deformation also has some effect on the solid grains.
With this action, ultra-fine liquid droplets are formed in
grains and these droplets appear as traces in the
microstructure. The loosening of aluminium grains at
high temperature in the reheating may also contribute to
the formation of these droplets.

Fig. 9 SEM image (a) and EDS mapping analysis (b—e) of
traces seen in Fig. 8(b) (60°, 30 min reheated sample)

4 Conclusions

(1) The cooling slope casting is successful in the
production of AA7075 feedstock ingots which have a
suitable non-dendritic structure with acceptable grain
size for further semi-solid forming processes.

(2) Castings with the slope angle of 60° are superior
to 30° castings because they provide both higher casting
efficiency and finer grain size.

(3) In the reheating process of the AA7075, grain
growth occurs suddenly and very quickly after the
formation of the liquid network at the grain boundaries.
Therefore, depending on the workpiece size and the
heating technique, the time and temperature of the
reheating must be determined very carefully.

(4) Although the great effect of reheating on the
sphericity is not seen, it can be said that 60° castings are
also good in this aspect.

(5) The composition of the liquid phase in the
reheating process is different from that of the solid and is
rich in copper.

(6) Following the short reheating periods, semi-
solid forging causes trace formation in the solid
grains.
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