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Abstract: Tensile fracture behaviors of thixocast, artificially aged thixocast (thixocast+T6) and as-extruded AA7075 alloys were
investigated. The microstructural and fractographic observations were carried out using optical microscope (OM) and scanning
electron microscope (SEM). Experimental studies showed that as-extruded and thixocast+T6 specimens exhibited considerably more
excellent mechanical properties than as-thixocast AA7075 specimen. T6 artificial heat treatment with prolonged solution treatment
significantly improved the tensile properties of the thixocast AA7075 alloy. The tensile properties of as-extruded and thixocast+T6
specimens were close to each other. In as-thixocast specimen having remarkable micro-cracks, fracture was intergranular brittle type.
The ductile fracture surfaces were observed in as-extruded and thixocast+T6 specimens. In as-thixocast specimens, decohesion
started between the eutectic—matrix interfaces and propagated through grains. Micro-void coalescence was the dominant form of
fracture in thixocast+T6 heat treated specimens. The micro-voids nucleation was initiated at the interface between the matrix and

multinary eutectic structure.
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1 Introduction

AA7075 aluminum alloys having essentially zinc,
copper and magnesium, provide the highest strength of
any commercial aluminum alloys. AA7075 aluminum
alloy is heat treatable to obtain yield strength of 505 MPa
and elongation of 11%, and commonly used for its
mechanical properties in various fields like aircraft and
automobile industry or aerospace engineering [1,2].

Most of the wrought high strength aluminum alloys
are machined, extruded or rolled for mass production.
These manufacturing methods are expensive and need
complex tools or machines. Another disadvantage of this
method is the massive waste materials during machining
operation [3—8]. The wrought high strength aluminum
alloys are not well suited for conventional casting due to
tendency for hot cracking during solidification [9,10].
Thixocasting process is a semi-solid metal processing
(SSP), which involves forming of alloys in the semi-solid
state and combines the advantages of drop-forging and
casting. The minimum solidification shrinkage makes it
possible to produce intricate, complexly designed
components with great precision and obtain near-net-

shaped products by means of the SSP [3—8].

Thixocasting is one of the most commonly used
processes of semi-solid processing which involves the
non-dendritic billets reheated at semi-solid temperatures
and then billets injected in a closed die [3—8]. The alloy
must have been non-dendritic structure for semi-solid
forming. In this state, the alloy shows thixotropic
behavior. This behavior can be defined that the shear rate
increases and the viscosity decreases with increasing
time. Thixocasting offers significant processing
advantages, such as near net shape manufacturing, good
surface finish, low energy consumption and high
operating efficiency improvement [3—8]. And also
thixocasting offers forming of the wrought aluminum
alloys [11-20].

Authors had examined the thixoformability,
artificial aging heat treatment, microstructure and
mechanical properties of AA7075 alloy produced by
semi-solid processing [12—17,21-26]. Researchers
emphasized that the artificial aging heat treatments
improved the mechanical properties of wrought
aluminum alloys produced by semi-solid processing
[11,12,16,17,21-23]. Recent studies showed that the
AA7075 alloy was successfully formed by semi-solid
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processing [12—17]. A few investigations have been done
about the tensile fracture behavior of A356 aluminum
alloy produced by semi-solid processing [27—30]. No
efforts have so far been made to investigate the tensile
fracture behavior of thixocast AA7075 alloy. But a few
papers were concentrated on hot tensile deformation and
fracture behavior of Al-Zn—Mg—Cu alloy [31]. At
present, the detailed microstructural characteristics have
not been correlated with the tensile fracture behavior and
mechanical properties of thixocast AA7075 alloy.

The present study aims to investigate the effect of
thixocasting process and T6 artificial aging heat
treatment on the tensile fracture behavior of AA7075
aluminum alloy. In order to make a comparison, the
as-extruded AA7075 alloy was also investigated.

2 Experimental

The chemical composition of a commercial AA7075
aluminum alloy, used in the present study, is given in
Table 1. The AA7075 alloy was obtained in the condition
of as-extruded (extrusion ratio of 1:5) and T651 (solution
heat treated, stress relieved by stretching and artificially
aged) alloys.

Table 1 Chemical composition of AA7075 wrought aluminum
alloy used in this study (mass fraction, %)
Zn Mg Cu Mn Si Cr Fe Al
5.599 2.033 1.329 0.183 0.383 0.157 0.741 Rest

Seiko 6200 model differential thermal analysis
(DTA) was used to determine the solidification interval
and the relationship.
Approximately 20 mg samples were heated up to 660 °C
at the heating rate of 10 °C/min. The change of liquid
fraction with temperature was obtained from the heat

liquid fraction-temperature

flow versus temperature curves, as shown in Fig. 1.

Before thixocasting, feedstocks were prepared by
SIMA (strain induced melt activation process) process.
Specimens were cut from the as-extruded AA7075 alloy
with 40 mm diameter into 60 mm height and then
subjected to 30% cold working by using 200 t hydraulic
press.

The photograph and view  of
experimental set-up for thixocasting process were
represented in Fig. 2(a) and Fig. 2(b), respectively. In the
previous studies, vertical press was generally used for
thixoforming [11,12,14—16]. On the contrary, in the
present study, horizontal cold chamber high pressure die
casting machine (HPDC) was used with the intention of
using industrial applications. For this reason, an
induction coil and billet holder mechanism was attached
to HPDC machine as can be seen from Fig. 2(a).
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Fig. 1 Relationship among heat flow, liquid fraction and
temperature of AA7075 alloy
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Fig. 2 Experimental set-up of HPDC machine for thixocasting
process: (a) Photography; (b) Schematic representation

Thixocasting process was conducted at a cold
chamber HPDC with medium frequency induction
heating generator. Thixocasting of specimens was carried
out at 611 °C which corresponds to the 50% liquid
fraction and constant die temperature (150 °C) and
injection speed (2.37 m/s).

Thixocast part and metallographic specimen
sectioned regions are shown in Figs. 3(a) and (b),
respectively. For the metallographic examination,
specimens were prepared by standard metallographic
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procedures and polished with up to 0.1 pm colloidal
silica and etched with Keller’s reagent. Microstructural
features were studied using Leica DM4000M optical
microscope and Jeol JSM 6060LV scanning electron
microscope (SEM) with attached energy-dispersive
X-ray spectroscopy (EDS) analysis of IXRF systems.

Fig. 3 AA7075 alloy part produced by thixocasting (a) and
metallographic examination regions of thixocast specimen (b)

For the T6 artificial heat treatment, thixocast
specimens were solution-treated at 465 °C for 16 h and
quenched in water at room temperature, and then
artificially aged at 120 °C for 24 h.

Tensile and hardness tests were performed to
characterize the mechanical properties of specimens
formed by thixocasting. Preparation steps of tensile
specimens are shown in Fig. 4. First of all, the thixocast
parts were cut by wire electro discharge machine
(WEDM) longitudinally into two parts (Fig. 4(a)) and
then each part was cut transversely into 13 mm % 13 mm
x 72 mm rectangular shape (Fig. 4(b)) and machined by
turning (Fig. 4(c)). The dimensions of the tensile test
specimens corresponding to standard ASTM E 8M [32]
are given Fig. 5.

Tension tests were carried out at room temperature
using an Instron 3369 machine with 50 kN loading

Fig. 4 Machining of tensile test specimen from thixocast
AA7075 alloy
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Fig. 5 Dimensions of tensile test specimens (unit: mm)

capacity at a cross-head speed of 1 mm/min. An
extensometer set to a gauge length of 30 mm was used
for strain measurement. An automatic record of stress
versus elongation was made. At least five tensile
specimens were tested for each condition and average
values were calculated. Hardness tests were conducted in
Emco Duravision 200 model universal hardness tester
with a load of 5 kg. Hardness values were taken from the
edge to the center of specimen. At least ten indents were
made at each location and average values were taken.

Fracture surfaces of the tensile specimens were
examined using the scanning electron microscope. In
order to examine microstructure, crack initiation and
final fracture tensile tests specimens were sectioned
parallel to the tensile loading direction using a WEDM.
The sectioned specimens were ground and polished, and
then etched in Keller’s reagent for metallographic
examination.

3 Results and discussion

3.1 Microstructural evaluation

The optical micrographs of AA7075 alloy in
as-extruded condition are shown in Fig. 6. Intermetallics
were elongated in extrusion direction (Fig. 6(a)). In the
case of transverse section of micrographs, the
intermetallics showed rounded shape and well dispersed
in a(Al) matrix (Fig. 6(b)). The fine dark and light gray
intermetallics are considered to be MgZn, and FeAl;,
respectively [2].

The optical micrographs of the as-thixocast
specimens sectioned from edge, middle and center
positions showed homogeneous distribution of fine,
equiaxed, near-globular grains (Fig. 7). On the contrary,
in the middle and center regions, liquid-rich zone was
observed near the surface (Figs. 8(b) and (c)). As a result
of liquid segregation, micro-shrinkages appear in the
sharp corner of specimen (Figs. 8(d) and (e)). The reason
of this result may be attributed to the sharp corner of die.
The sharp corner of die caused the liquid segregation
during thixocasting [14,32]. To eliminate the liquid
segregation, low liquid fractions were suggested during
the thixocasting [14]. In the present study, these regions
were removed by machining in order to prevent affecting
the tensile properties adversely.
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Fig. 8 Optical micrographs of as-thixocast specimens: (a) Longitudinally section of examined specimen; (b, c¢) Near surface region
(arrows indicate liquid-rich zones); (d, €) Sharp corner of specimens (arrows indicate micro-shrinkages)
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The microstructures of the as-thixocast specimen
with micro-porosities and micro-shrinkages are shown in
Fig. 9 and Fig. 10, respectively. Most of the micro-
porosities were located in the triple junction of the
primary o grains due to lack of liquid phase in the triple
junction since the liquid phase wetted the primary a
grain boundaries with capillary action, the triple
junctions did not feed properly due to exhausted liquid
phase [16,17]. There was no extra liquid phase or liquid
feeder in order to feed liquid phase remained at grain
boundaries in thixocasting. During solidification, liquid
phase shrinkaged and it caused the formation of micro-
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Fig. 9 SEM micrograph of micro-porosity in as-thixocast

specimen (arrows indicates micro-porosities)
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Fig. 10 SEM micrographs of micro-shrinkages in as-thixocast
AA7075
(a) Lower magnification; (b) Higher magnification

specimen (arrows indicates micro-shrinkages):

shrinkages in microstructures. CHAYONG et al [12]
reported that the presence of micro-shrinkages could be
attributed to the liquid feeding which does not supply
properly in semi-solid region during thixoforming of
AA7075 specimen.

Figure 11 illustrates the SEM micrograph and EDS
analyses of the as-thixocast AA7075 specimen. From this
figure, it can be seen that a small amount of
intermetallics appeared as black dots and were entrapped
inside the globules (Fig. 11). By EDS analyses, the
compositions of these intermetallics were identified as
Mg(Zn, Cu, Al), and Mg,Si (Fig. 11, points 3 and 4). The
intermetallics were entrapped inside by the primary
o(Al) during thixocasting [21]. Since eutectic structure
contains most of alloying elements, the globules matrix
consisted of Al and a very small amount of Cu, Mg and
Zn (Fig. 11, point 1). Moreover, Al-Cu—Zn—Mg
multinary eutectic structure has been observed at primary
o(Al) grain boundaries (Fig. 11, point 2). EDS analyses
showed that eutectic structure in primary a(Al) grain
boundary consisted of AlI-Cu—Zn—Mg (Fig. 11, point 2).
Similarly, researchers reported that the Mg,Si inside the
primary a(Al) globes and copper-rich eutectic structure
were observed in thixoformed AA7075 alloy [21,22].

SEM micrograph and EDS analysis of thixocast +
T6 specimen are illustrated in Fig. 12. The intermetallic
inside the globules almost disappeared in thixocast + T6
specimen. The Si content of primary a(Al) is 0.275%
in as-thixocast specimen (Fig. 11, point 1), after T6 heat
treatment, the Si was not detected in primary a(Al) in
EDS analysis (Fig. 12, point 1). EDS analyses revealed
that the compositions of these intermetallics Mg,Si
(Fig. 12, point 3) and Mg (Zn, Cu, Al), (Fig. 12, point 2)
were identified (Fig. 12, point 3). The Mg,Si formed at
the triple junctions (Fig. 12, point 3). The prolonged
solution treatment at 465 °C resulted in incipient melting
which led to the formation of Mg,Si intermetallics [22].
On the other hand, the prolonged solution time
reduced the liquid segregation occurring during
thixoforming [12]. The eutectic structure in primary
a(Al) grain boundary initially presented in as-thixocast
specimen. However, the eutectic structure was not
observed at grain boundary in thixocast+T6 specimen.
The non-equilibrium and low melting point eutectics
were dissolved during the solution treatment [12].

3.2 Mechanical properties

The average yield strength, ultimate tensile strength
(UTS), elongation and hardness values of the as-extruded,
as-thixocast, thixocast+T6 specimens are given in Table
2. Among the tensile tested specimens, the as-extruded
specimen exhibited the best combination of higher
strength and ductility. This result is in good agreement
with previous studies [11,12,33]. The as-thixocast
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Fig. 11 SEM micrograph (a) and EDS analyses (b—e) of as-thixocast specimen
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Table 2 Mechanical properties of tested specimens
Yield  Ultimate tensile  Total

Specimen  strength/ strength/ elongation/ (I;i;d;liss)
MPa MPa % 08
As-
+ + + +
extruded 375.6£8.3  519.7£14.7 13.1£0.8  106+2.5
AS 155674 2676160 60511 96.142.5
thixocast
Thixocast 31) 14110 5113259 12,5619 115434
+T6
specimen has lower tensile properties than the

as-extruded specimen. The reason for this is attributed to
the presence of micro-porosity and micro-shrinkages in
microstructure of the as-thixocast specimen [12,14,16,
34]. In the present study, micro-porosities in the triple
junction, micro-shrinkages and eutectic structure at
primary a(Al) grain boundaries in the as-thixocast
specimens were observed (Figs. 9 and 10)

The aging heat treatment of thixocast+T6 specimen
improved the tensile properties which almost reached the
tensile properties values of the as-extruded specimens
(Table 2 and Fig. 13). Similar results were reported that
the T6 heat treatments improved the mechanical
properties and particularly enhanced the ductility of
thixocast 7075 alloy [12,34]. The long-time solution
treatment of thixocast aluminum alloy should be
performed to dissolve non-equilibrium and low
melting temperature phases completely and liquid
segregation was reached its lowest value. Consequently,
the UTS and total elongation
enhanced [12,16,34].

values were

600
s00l As-extrudefl -------
400}
g ’," Thixocast+T6
S 300} /
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100
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Fig. 13 Tensile curves of specimens

The hardness values of the as-thixocast and
thixocast+T6 specimens were very low when compared
with the as-extruded specimens (Table 2). Low hardness
values in the as-thixocast specimen increased by
T6 heat treatment as a result of precipitation
hardening [16,34].

3.3 Tensile fracture behavior

SEM fractographs of the tensile fractured specimens
of as-extruded, as-thixocast and thixocast+T6 specimens
are given respectively in Figs. 14(a)—(c). The as-extruded
specimen fracture type was ductile with the evidence of
large and small dimples (Fig. 14(a)). The other fracture
type in as-thixocast specimen was brittle (Fig. 14(b)).
The brittle fracture occurred around the spheroidal grain
due to micro-shrinkage and micro-porosity in
microstructures (in Figs. 9 and 10). Quasi-cleavage
fracture which is one of the brittle fracture modes has
been observed in the as-thixocast specimen (Fig. 14(b)).
This fracture mode is distinguished by separation of
individual grains along [20].

In thixocast+T6 specimen, fracture type is ductile
indicating the presence of the dimples (Fig. 14(c)). The
large fractions of dimples were observed on the fracture
surface of the as-extruded specimens (Fig. 14(a)) As
mentioned before, the highest elongation among the
tested specimens was obtained with thixocast + T6
specimens (Table 2).

The longitudinal sectional micrograph of necked
region of the as-extruded specimen is shown in Fig. 15.
In this region, initial void formation starts between the
intermetallic compound and matrix (Fig. 15(a)) or
interface  of fractured intermetallic = compound
(Fig. 15(b)). The similar observations were made in
previous studies [31,35,36].

In the as-thixocast specimen, the presence of
micro-cracks around the globules is remarkable on the
fracture surfaces of specimens (Fig. 16). Fracture has
occurred around the spheroids due to micro-shrinkages
(Fig. 10). In this specimen, the fracture mode is
intergranular and decohesion starts between the interface
of eutectic structure and primary o (Fig. 17). Previous
study of ESKIN et al [10] showed that the fracture mode
was intergranular due to Cu, Mg and Zn segregation at
grain boundaries. It was determined that decohesion and
micro-void formed at triple junction and between the
eutectic and matrix interface, and the micro-void
propagated along the grain boundaries (Fig. 17).
CHAYONG et al [12] reported that, micro-void formed
along the grain boundaries and decohesion began to
around the globular grains.

In the thixocast + T6 specimen, initial micro-void
formation started at Mg,Si intermetallic compound and
propagated along the grain boundaries (Fig. 18).
Intermetallics such as Mg,Si cause stress concentration,
as indicated by arrows in Fig 18. The micro-voids
nucleated at localized strain zone with associated
intermetallics, secondary hard particles and inclusions
[34]. These results are parallel to results of previous
studies [28,29,31,37,38].
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Fig. 15 Longitudinal sectional micrograph of as-extruded
specimen (Arrow a: Initial void formation between the
intermetallic compound and matrix; arrow b: initial void
formation at the interface of fractured intermetallic compound)

4 Conclusions

1) In the thixocast+T6 specimen, the intermetallics
entrapped inside the primary o and Mg,Si intermetallics

wm GUTEF R Z .
M .

4

GUTEF MCZI W

formed at grain boundaries during thixocasting.

2) The tensile properties of the as-thixocast AA7075
alloy were lower than those of the as-extruded and
thixocast+T6 specimens.

3) T6 artificial heat treatment with prolonged
solution treatment improved the tensile properties of the
thixocast 7075 specimens.

4) The tensile properties of the as-extruded and
thixocast+T6 specimens were close to each other.

5) The as-thixocast alloy exhibited dominant form
quasi-cleavage fracture type and the presence of
micro-cracks was remarkable. In this specimen, the mode
was intergranular and decohesion started between the
interface of eutectic structure and primary o grains.

6) The fracture types in the as-extruded and
thixocast+T6 specimens are ductile with the evidence of
dimples. In these specimens, initial void formation
started between the intermetallic compound and matrix
or interface of fractured intermetallic compound. In these
alloys, fracture mode was also intergranular type.
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Fig. 16 Intergranular fracture mode in as-thixocast specimen:
(a) Lower magnification; (b) Higher magnification (arrows
indicate the micro-cracks along grain boundaries)

Fig. 17 Micro-void formation and propagation in as-thixocast
specimen

18 5m GUTEF ML ﬂ-

Fig. 18 Micro-void formation and propagation in thixocast+T6

specimen
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