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Abstract

A homogeneous equiaxed grain structure is necessary for semisolid forming of aluminum alloys. One of the methods used
to obtain such microstructure is strain induced melt activated process. The aim of this work is to optimize the heat treatment
parameters for extruded 7075 alloy required to obtain the spheroidal grain structure suitable for thixoforging. For this purpose,
7075 was subjected to isothermal heat treatment at two different temperatures, 620 and 630 °C for 5, 10, 15, 20, 25, 30, 35 and
40 min. Optical microscopy analysis and mechanical tests were carried out to characterize the effects of different isothermal
heat treatment parameters. Optimal heat treatment parameters were determined by the change in mechanical properties and
microstructure. It was found that at 630 °C for 25 min resulted in 564 MPa yield stress, 616 MPa tensile stress and 5.3%
elongation as the highest values in the experimental work carried out in this study.

Keywords SIMA - Semisolid - Isothermal - Heat treatment - 7075

1 Background

The 7xxx series aluminum alloys are widely used in automo-
tive and aerospace industries due to high specific strength,
corrosion resistance and low cost [1-8]. Most widely used
methods for the manufacture of aluminum alloy components
are casting in liquid state and forging in solid state. Main
disadvantages of casting are shrinkage due to liquid/solid
density difference, requirement for feeder and runner calcula-
tion, porosity formation and non-uniform material properties
[9]. On the other hand, net-shape methods such as forging
can result in superior mechanical properties; no need for

B<X Engin Tan
etan @pau.edu.tr

Ali Tekin Guner
alitekinguner @ pau.edu.tr

Derya Dispinar
deryad @istanbul.edu.tr

Department of Automotive Engineering, Faculty of
Technology, Pamukkale University, Denizli, Turkey

Department of Metallurgical and Materials Engineering,
Faculty of Engineering, Istanbul University, Istanbul, Turkey

Department of Metallurgical and Materials Engineering,
Faculty of Technology, Pamukkale University, Denizli,
Turkey

a runner or feeder [10]. However, it is impossible to work
with thin sections and complex geometries. Additionally,
very high pressures and consequently high mold costs are
required. Semisolid forming is a relatively novel manufac-
turing method which combines the advantages of forging and
casting [9,11,12].

Semisolid forming methods can be categorized into two
main routes as indirect processes and direct processes which
is determined by the process as it is carried out intermittently
or continuously (Fig. 1) and according to another classi-
fication, two groups as rheoforming and thixoforming. In
thixoforming processes, the metal which is completely solid
at the beginning of the process is shaped like forging or
poured like casting by heating to a semisolid temperature.
In rheoforming processes, the metal which is completely lig-
uid at the beginning of the process is shaped or poured by
cooling to a semisolid temperature.

A fine homogeneous equiaxed spheroidal grain structure
is necessary to form aluminum alloys in semisolid state
without the formation of tears or cracks because the den-
dritic structure exhibits great resistance to fluidity [13], and
spheroidal microstructure has better mechanical properties
than dendritic microstructure [14]. One of the methods used
to obtain this microstructure is SIMA (Strain Induced Melt
Activated) process. In this process, after casting, the material
is first subjected to hot deformation by a method like extru-
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Fig. 1 Indirect (a) and direct (b) semisolid forming processes
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Fig.2 Steps and temperature ranges of SIMA process [15]
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Fig.3 Liquid volume rate of 7075 aluminum alloy versus temperature
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sion or rolling to obtain a heavily deformed structure with
increased dislocation density. Spheroidal grains are obtained
by recrystallization during reheating of the alloy to a suitable
temperature in the liquidus-solidus range (Fig. 2).

7075 alloy’s wide freezing range between 477 and 635 °C
makes this alloy suitable for semisolid forming applications.
According to Fu et al. [16], the evolution of liquid volume
fraction in 7075 alloy with increasing temperature is illus-
trated in Fig. 3.

Springer

Chayong et al. [17] and Rikhtegar and Ketabchi [18]
reported that yield strength and elongation values close to
those of wrought 7075-T6 alloy are obtained with thixo-
forming followed by T6 heat treatment. Atkinson et al. [12]
reported that fully spheroidal microstructures were obtained
by isothermal heat treatment of wrought 7075-T6 alloy at
about 580 °C with 5% liquid fraction. Sang-Yong et al.
[19] suggested a minimum of 50% cold deformation and
isothermal heat treatment at 590 °C at for 30 s to 3 min
for thixoforming of 7075 alloy and according to Bolouri
et al. [20] 30% compression ratio and at least 10 min at
610 °C is needed to obtain optimum grain size and uni-
form spheroidal microstructure. Neag et al. [21] observed
that the grains of 7075 alloy transformed into a much more
equiaxed spheroidal structure after 15-20 min isothermal
heating at 580 °C and the structure altered to an irregular
polygonal shape with smoother and faceted boundaries with
some solid grains surrounded by liquid phase after 30 min. In
the study of Binesh and Aghaie-Khafri [22], isothermal heat-
ing at 600-610 °C for 15-25 min is suggested as optimum
parameters for the SIMA process to obtain desired material
properties in cold deformed 7075 alloy. Jiang et al. [23] stated
that higher isothermal temperature led to shorter spheroidiza-
tion time and optimal isothermal treatment time of 20 min
was suggested for RAP and SIMA processes in 7075 alloy.
Meshkabadi et al. [24] concluded that the most suitable
microstructure was obtained by heating at 630 °C for 15 min
in semisolid 7075 alloy. Li et al. [25] reported that the suit-
able melt treatment temperature is between 680 and 690 °C
for the semisolid A356 aluminum alloy in rheological form-
ing. Zhou et al. [26] suggested that with the increasing stirring
speed, mean grain size decreases and the shape factor as well
as the number of primary grains increase in forced convection
rheoforming process of 7075 alloy. Kilicli et al. [27] observed
that T6 treatment with prolonged solution treatment signifi-
cantly improved the tensile properties of the thixocast 7075
alloy. Yan et al. [28] stated that average particle size grad-
ually decreases and the degree of spheroidization improves
with the increasing compression ratio in A356.2 alloy pre-
pared by the SIMA process. Mohammadi et al. [29] reported
that higher semisolid isothermal temperature increases the
liquid volume fraction and accelerates the spherical evolu-
tion of the solid particles and longer holding times increases
the average grain size. Gecu et al. [30] investigated influence
of T6 heat treatment on A356 and A380 alloys manufac-
tured by thixoforging combined with low superheat casting.
Spheroidal structure of «(Al) disappeared and deformation
texture was observed after thixoforging, and the grain growth
by increasing reheating time caused a decrease in mechanical
properties.

This section has attempted to provide a brief summary of
the literature relating to semisolid forming of 7075 alloy.
Different isothermal heating times and temperatures have
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Fig.4 7075 alloy rod dimensions used in the study

been used for various applications. In some studies grain
size, form factor and solid fraction which are fundamental
parameters that are of great importance for semisolid form-
ing have not been fully investigated while some investigated
the microstructural evolution but the changes in mechanical
properties and the mechanical properties after precipita-
tion hardening were not addressed. In this study, isothermal
heat treatment was applied at a higher temperature range
than previous studies for a shorter holding time and opti-
mum temperature and holding time parameters were selected
by examining grain size, form factor and solid fraction
parameters together. Furthermore, the specified parameters
were supported by hardness and tensile tests and a relation-
ship between spheroidization, liquid fraction, grain size and
processing time with mechanical properties was stated. In
addition, 7075 alloy with spherical microstructure is sub-
jected to precipitation hardening heat treatment to assess the
effect of isothermal heat treatment on the mechanical prop-
erties of the wrought 7075-T6 alloy.

The purpose of the present work is to evaluate the effect
of holding temperature and duration on the microstructural
and mechanical properties of a semisolid 7075 alloy during
the reheating process and to present optimum heat treatment
parameters for extruded 7075 alloy in order to obtain the
equiaxed spheroidal grain structure with suitable solid/liquid
ratio for thixoforging applications.

2 Material and Methods

For the present study, 7075 alloy rod-shaped material
(Fig. 4) produced by extrusion and subsequent stretching to
straighten and impart cold work to the extrusion was pro-
vided from Al Metal Aluminum Industry and Trade Inc. in
Seydisehir/Konya/Turkey.

The chemical analysis of 7075 alloy examined in this arti-
cle is shown in Table 1.

Different isothermal heat treatment parameters have been
determined in order to assess the effects of isothermal heat
treatment temperature and times required to obtain homo-
geneous spheroidal grain structure within the SIMA process.

Table 1 Chemical composition of 7075 alloy examined in the tests (%)

Al Zn Mg Cu Fe Si Cr
90.3 5.08 1.97 1.21 0.5 0.26 0.23
Mn Zr Ni Ti Pb Sn

0.21 0.04 0.04 0.02 0.02 0.018

Fig.5 Heat treatment samples

Table 2 Etching solutions

Etchant Ingredients

Keller’s 5 ml of nitric acid (HNO3), 3 ml of hydrochloric
acid (HCI), 2 ml of hydrofluoric acid (HF), 100

ml of distilled water (H,O)

4 g of potassium permanganate (KMnOy), 1 g of
sodium hydroxide (NaOH), 100 ml of distilled
water (H>O)

10 g of sodium hydroxide (NaOH), 100 ml of
distilled water (H,O)

15.5 ml of nitric acid (HNO3), 0.5 ml of
hydrofluoric acid (HF), 3 g of
chromium-III-oxide (Cr,03), 84 ml of distilled
water (H>O)

5 ml of hydrofluoric acid (HF), 20 ml of
hydrochloric acid (HCI), 20 ml of nitric acid
(HNO3), 60 ml of distilled water (H,O)

Weck’s

%10 NaOH

Graff & Sargent’s

Macro

Temperature was selected as 620 and 630 °C, while the dura-
tion was selected as 5, 10, 15, 20, 25, 30, 35, 40 and 45 min.

The samples were prepared by machining the bars as
shown in Fig. 5. Metallographic samples were prepared
according to ASTM E3-11 (2017) standard. The heat-treated
samples were cut perpendicular and parallel to the extru-
sion direction, then ground with 320, 1100 and 2400 grit
SiC abrasive papers and then polished with a 3 pm diamond
solution.

Table 2 gives the etching solutions and chemical composi-
tions tried to investigate microstructure of 7075 alloy. Grain
size, shape factor and liquid fractions were determined by
quantitative image analysis with SPIP™ (version 6.7.2) dig-
ital image processing software. Grain size is determined by
calculating the diameter of a circle having an area equal to
the area enclosed by the grain’s contour (Eq. 1). Shape factor
describes the sphericity in accordance with Eq. 2 where a
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Fig.6 Tensile test specimen dimension

perfect circle would have a shape factor of 1. Approximately
500 grains were measured for the analysis.

[4
Diameter = ,/ —enclosed area €))]
b4

4.7,
Shape factor = —n area2 2)
perimeter

After isothermal heat treatment, T6 tempering treatments
were carried out with the following steps: solutionizing at
490 °C for 45 min, immersing in water at 20 °C and artificial
aging at 120 °C for 48 h.

T6 tempered specimens were machined into cylindrical
tensile test specimens (Fig. 6). Tensile tests were practiced
in accordance with ASTM E8/E8M-16a. Brinell hardness
test were carried out after each heat treatment according to
ASTM E10-17.

3 Results and Discussion

Figure 7 shows the optical micrographs of the samples etched
with different solutions. The most common etchant for alu-
minum alloys is Keller’s Solution, but the grain structure of
the extruded samples without isothermal heat treatment could
not be visualized with Keller’s solution. Therefore, the etch-
ing solutions in Table 2 were tested and Weck’s Solution was
selected as the most appropriate etchant for extruded sam-
ples without isothermal heat treatment. The grain structure
of the sample subjected to 25 min of isothermal heat treatment
at 630 °C could be visualized by etching with both Keller’s
and Weck’s solutions. But the Keller’s solution exposes grain
boundaries more clearly and appropriately for digital image
analysis. The heat treatment condition of the material is an
important factor for etchant selection.

Microstructure of the initial extruded and stretched speci-
men without isothermal heat treatment includes intermediate
phases (bright zones) and elongated Al grains (dark zones)
(Fig. 7a, b). It is seen that the dendrite arms formed during
casting are mostly broken in perpendicular direction to the
extrusion direction, and in the case of the section parallel
to the direction of extrusion, grains are elongated to a great
extent in the direction of extrusion. According to Zhang et al.
[31], internal strain energy is stored as multiplication of dislo-
cations, elastic stresses and vacancy defects during the plastic

Fig. 7 Optical micrographs of the samples etched with different solu-
tions. a Perpendicular to the extrusion direction; b-h parallel to the
extrusion direction. a TO, Weck’s, 6 s etching, 200x b TO, Weck’s, 6 s
etching, 200x ¢ TO, Keller’s, 15 s etching, 200x d TO, 10% NaOH, 30 s
etching, 200x e TO, macro etching, 30 s etching, 100x f TO, Graff and
Sargent, 30 s etching, 100x g 630 °C-25 min, Keller’s, 15 s etching,
100x h 630 °C-25 min, Weck’s, 6 s etching, 100x

deformation of the specimens which leads to recovery and
recrystallization. The energy increases in direct proportion
to the deformation ratio, which promotes the microstructural
transition from dendritic to spheroidal grains and creates a
decent strain induced effect.

During isothermal heat treatment, recrystallization takes
place and the liquid wets the recrystallized high angle grain
boundaries. The first liquid is in tendency to occur at grain
boundaries because these areas have high solute concen-
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Fig.8 SEM image of the sample held at 630 °C for 25 min (a) and EDS analyses of main phase and secondary phases present at the grain boundaries

(b—e)

trations and low melting points. Resulting microstructure
consists of a-Al solid grains surrounded by liquid phase and
some entrapped liquid phases inside the solid grains.

The energy-dispersive spectras shown in Fig. 8 present
higher levels of Zn, Fe, and Cu in the boundary phases appear-
ing as white areas (Point 2) and increased levels of Mg, Zn,
Si, Cu appearing as black areas (Point 3). The solid grains
consist of Al and small amounts of Zn and Mg (Point 1)
and are deprived of Si and Cu as a result of the microseg-
regation of these elements at the boundaries of the grains.
The segregation of Cu and Si causes the melting temperature
of the solid grains to increase and the melting temperature
at grain boundaries to decrease and leads the formation of
liquid phase around the solid grains. The energy-dispersive
spectra of rectangular shaped Al-Fe—Cr intermetallic parti-
cle present at the grain boundary (Point 4) are depicted in
Fig. 8e.

From 20 min at 620 °C, spheroidal grains began to form.
Thin film-shaped secondary phases at the grain boundaries at
25 min (Fig. 9¢) broadened as the solid grains started to melt
around the grain boundaries in 35-40 min (Fig. 9e, f) and
the liquid phase amount increased together with increasing
duration. It can be seen that longer isothermal heat treatment
duration makes the grains more spheroidal while reducing
the grain size dispersion but mean size of the spheroidal
grains increases. Coalescence is thought to be the principal
mechanism for grain growth during isothermal heat treat-
ment as shown in the Fig. 9e. Also, the intragranular liquid
entrapments in solid particles (Fig. 9f) coarsened with time.
Bolouri [20] claims that these liquid phases arise from the
chemical inhomogeneities of the alloy. Small intragranular
liquid phases next to each other progressively merge by coa-
lescence and some of them migrate to bigger liquid areas
by diffusion with Ostwald ripening mechanism. Therefore,
as the volume of secondary phase increases, the resulting

microstructure becomes eutectic that leads to heterogeneous
microstructure with increased anisotropic properties. At the
samples held at 630 °C, starting from 15-20 min spheroidal
grains are beginning to form and with increasing duration the
ratio of the melt secondary and eutectic phases around the
grain boundaries increases (Fig. 10).

It was observed that the liquid fraction of the semisolid
material increased very much at 620 °C for 40 min and 630
°C for 35 min, and thereafter, the shape deteriorated and the
specimen became mechanically incapable (Figs. 11, 12).

Higher isothermal heat treatment temperature decreases
the solid volume fraction and accelerates the transformation
of spheroidal grains. The relationship between grain size,
form factor, solid fraction and isothermal heat treatment dura-
tion is shown in Figs. 13 and 14.

Brinell hardness measurements were taken from five dif-
ferent regions of the samples examined for microstructures,
and averages were taken. Figures 15 and 16 show the time-
varying graphs of the hardness of the specimens subjected
to heat treatment. Hardness measurements and microstruc-
tural analyses are congruent. It is seen that when spheroidal
grains start to form, hardness drops rapidly, and then, with the
grain growth, hardness continues to fall slowly. According
to Chayong [32], precipitation of transitional phases during
isothermal heat treatment causes lower hardness values of
specimens with spheroidal grain structure. A decrease in the
hardness seems to be an undesirable feature, but it is an
advantage because it will enhance the ability to be shaped
during thixoforging. Hence, the material with homogeneous
spheroidal grain structure produced by the SIMA process
is used as raw material for the semisolid forming processes
and the hardness is increased by precipitation hardening heat
treatments after forming.

As a result of microstructure studies and hardness mea-
surements, it was determined that the optimum microstruc-
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Fig.9 Optical micrographs of the samples held at 620 °C for a 15 min, b 20 min, ¢ 25 min, d 30 min, e 35 min, f 40 min
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Fig. 10 Optical micrographs of the samples held at 630 °C for a 10 min, b 15 min, ¢ 20 min, d 25 min, e 30 min, f 35 min
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Fig.11 Samples held at 620 °C for 5, 10, 15, 20, 25, 30, 35, 40, 45 min

(left to right, respectively)

Fig. 12 Samples held at 630 °C for 5, 10, 15, 20, 25, 30, 35, 40 min
(left to right, respectively)

ture for SIMA process is obtained at 630 °C at 25 min
considering spheroidization, liquid fraction, grain size and
processing time. Tensile tests were carried out after isother-

Fig. 13 Relationship between
grain size, form factor, solid

fraction and isothermal holding 0.81
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Fig. 15 Change in hardness of samples isothermal heat-treated at 620
°C over time

mal heat treatment (630 °C for 25 min) and T6 heat treatment
(solutionizing at 490 °C for 45min, quenching in water
at 20 °C and aging at 120 °C for 48 h). Fifteen samples
were tested, and average results were calculated. The yield
strength values obtained as a result of tensile tests are given
in Fig. 17. The yield strength of the samples subjected to
isothermal heat treatment and aging increased to an aver-
age of 564 MPa, while the non-heat-treated samples had an
average yield strength of 225 MPa. Approximately two times
difference is noticeable. This relationship, which is seen in
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Fig. 16 Change in hardness of samples isothermal heat-treated at 630
°C over time
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Fig. 17 Yield strength values obtained before and after heat treatments
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Fig. 18 Tensile strength values obtained before and after heat treat-
ments
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Fig. 19 Elongation values obtained before and after heat treatments
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yield strengths, is likewise seen in tensile strength values. As
shown in Fig. 18, the average tensile strength of the sam-
ples subjected to isothermal heat treatment and aging was
calculated as 615 MPa, while the average tensile strength of
the samples without heat treatment was 381 MPa. The exact
opposite of this relation in strength values is determined in
values of elongation at break. In the samples subjected to
the aging treatment, the values of the elongation at break
decreased significantly (Fig. 19). Evaluation of hardness after
heat treatments is given in Fig. 20.

These values are close to the mechanical properties of
wrought 7075-T6. While hardness, tensile and yield strengths
of isothermal heat-treated 7075 alloy in T6 condition comply
with the expected properties of wrought 7075-T6 alloy, just
elongation is decreased after the process. Table 3 shows the
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Table 3 Mechanical properties of 7075-T6 alloy [33]

Rm (MPa) Rpo.2(MPa) A (%) Hardness (HB)

572 503 11 150

mechanical properties of wrought 7075-T6 alloy for compar-
ison.

4 Conclusions

Semisolid forming is a relatively new technology that can
be counted on to produce high-quality aluminum parts with
less process steps and complex shape. Aluminum alloys are
required to have homogeneous spheroidal grain structure in
order to be able to be formed in semisolid state. The aim of
this work is to assess the effect of isothermal heat treatment
parameters on the microstructural and mechanical proper-
ties of 7075 alloy and to determine the optimum process
parameters for the equiaxed spheroidal grain structure with
reasonable solid/liquid ratio. In this work, it is seen that:

e The desired spheroidal grain structure can be obtained
by applying SIMA process to commercially available
extruded and stretched 7075 Al alloy material.

e During the reheating to the semisolid temperature, after
40 min at 620 °C and after 35 min at 630 °C, the liquid
ratio of the semisolid material increases too much and
becomes mechanically unstable.

e From 20 min at 620 °C spheroidal grains are beginning
to form. At 35—40 min, the liquid ratio increases exces-
sively.

e From 15-20 min at 630 °C, spheroidal particles are begin-
ning to form and from 30 to 35 min, the liquid ratio
increases excessively.

e Longer isothermal heat treatment duration makes the
semisolid grains more spheroidal, but the mean size of
the grains increases.

e Higher isothermal temperature results in a lower solid
volume fraction and accelerated spheroidal transition.

e The reheating temperature and holding time are of
great importance for the semisolid forming processes.
At higher temperatures, spheroidization increases and
required holding time decreases, but at the same time,
the appropriate time interval of spheroidal grains is also
narrows. Therefore, the temperature and isothermal hold-
ing time must be precisely controlled during the reheating
phase to the semisolid temperature.

e As a result of microstructural analysis and mechanical
tests, it was determined that the optimum microstructure
for SIMA process is obtained at 630 °C at 25 min con-

@ Springer

sidering spheroidization, liquid fraction, grain size and
processing time.

e Subsequent T6 heat treatment resulted in mechanical
properties close to those of 7075 alloy in the wrought
T6 heat-treated condition. 564 MPa yield strength, 616
MPa tensile strength and 5.3% elongation are achieved.
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