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Recrystallization  and  remelting  (RAP),  a promising  route  for  thixoforming  process,  was  used  to  process
three aluminum  alloys,  AA2024,  AA6061,  and  A356,  under  experimental  conditions  designed  to  yield  var-
ious  solid  fractions  (liquid  fractions)  within  the  microstructure.  The  thixotropic  microstructures  obtained
were  characterized  in  detail  and  linked  to  the  corresponding  tensile  properties.  When  the  liquid  fraction
increased  (the  solid  fraction  decreased),  an  initial  reduction  in the  tensile  properties  was perceived.  The
lowest tensile  properties  were  obtained  at  liquid  fractions  of  35%  (610 ◦C),  25%  (623 ◦C),  and  40%  (585 ◦C)
for  AA2024,  AA6061,  and  A356  alloys,  respectively.  For  the  AA6061  and  A356  alloys,  a  further  increase
in  the  liquid  fraction  resulted  in  improvement  of  the  tensile  properties.  However,  for  the  AA2024  alloy,
the  samples  could  not  withstand  their  own  weight  at higher  liquid  fractions  that  further  tensile  tests
icrostructure were  rendered.  It  was  concluded  that for alloys  below  the  liquid  fraction  corresponding  to  the  minimum
tensile  properties,  the  structural  properties  of  interconnected  grains  (skeletons),  and  the  quenched  liquid
eutectic  phase  located  at  the  grain  boundaries  (liquid  film)  controlled  the  fracture  behavior.  Neverthe-
less,  the  nature  of the cohesion  between  the  grains  and  the  liquid  film  was  the  determining  factor  in  the
improvement  in  the  tensile  properties  that  resulted  when  the  liquid  fraction  was  increased  to  46% and
60%  for the  AA6061  and  A356  alloys,  respectively.
. Introduction

Semisolid metal processing (SSP) is a near net shape manufac-
uring process for metals and alloys. The process takes place in the

ushy zone of the alloys. Several reviews are available [1–5]. It has
een recognized that components fabricated by SSP offer better
echanical properties than conventional castings; the properties

f these components are very close to those of forged components.
ore recently, SSP technique has been employed for processing of
etal matrix composites since SSP offers simple, flexible and effec-

ive procedure to fabricate large size components [6–9]. In addition,
SP of alloy steels has attracted a considerable attention, because
t facilitates the fabrication of complex-shaped steel parts [10,11].
or SSP of alloys, the alloys need to have a microstructure that con-

ists of fine equiaxed grains surrounded by a liquid matrix. This
eature offers thixotropic behavior of the alloys in the semisolid
tate: the alloys flow when sheared but behave like solids when
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allowed to stand. The solid-like behavior is due to the presence of
a solid skeleton of interconnected grains [12,13].

Thixoforming is one branch of SSP in which the initial feedstock
material is in the solid state. The process requires a feedstock that
exhibits thixotropic behavior when reheated into the semisolid
state. One of the most promising routes for preparation of the
feedstock for thixoforming is recrystallization and remelting (RAP)
process [14,15]. The RAP process is based on warm working (extru-
sion) of materials below the recrystallization temperature in order
to induce sufficient strain energy in the microstructure. Then, when
the material is reheated into the semisolid state, recrystallization
occurs and the liquid phase penetrates into the grain boundaries of
the new subgrains, thereby resulting in equiaxed grains in a liquid
matrix [16,17]. Subsequently, when the desired liquid fraction is
reached, thixoforming will be conducted.

Previous papers described the detailed microstructural evo-
lution of different alloys in RAP process [16–19].  In addition,
microstructure development after different reheating procedures
and thixoforming techniques has been the subject of several
research works [20–24].  Furthermore, the mechanical properties

of parts fabricated by thixoforming processes have been evalu-
ated, and they have been mainly compared with convectional
castings [22–29].  However, the results have been influenced by
the applied thixoforming conditions and techniques and are thus
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Fig. 1. The microstructures of alloys at diffe

alid only for the case studies. On the other hand, the effects of the
tarting material (feedstock) have only been evaluated from man-
facturing points of view, such as for die filling. Different initial
onditions of the starting material, such as different solid frac-
ions, could lead to different intrinsic mechanical properties of the
tarting material. This would dominantly affect the final proper-

ies of any fabricated parts. Accordingly, assessing the impact of
sing feedstock with different initial conditions on the mechanical
roperties of the semisolid alloys would be of interest. This topic
as never been studied. So far, some fundamental knowledge, such
olding temperatures after RAP processing.

as the fracture mechanism during tensile tests and the relation-
ship between the microstructure and the mechanical properties
of the semisolid alloys, is still unclear. Some theories that have
been developed about the relationship between the microstruc-
ture and the mechanical properties of traditionally cast alloys are
not applicable to semisolid processed alloys.
The present article is part of a comprehensive study on the
effect of microstructural characteristics on the mechanical prop-
erties and fracture mechanisms of semisolid processed alloys. The
RAP route (without thixoforming) has been employed to prepare
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Table  1
The heating temperatures for the alloys.

Alloy Different heating temperatures (◦C)

AA2024 575, 585 and 610
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amples with different liquid fractions (at different holding tem-
eratures). Thus, both the geometrical effects of the thixoformed
arts and the effects of the thixoforming conditions on the tensile
roperties could be avoided. This offers essential data for evaluat-

ng the expected mechanical properties of any fabricated parts as
ell as the level of the effect of the thixoforming parameters on

he final mechanical properties. Using fractographic observation
nd micrographic examination, the effects of the solid fraction and
he structural properties of the equiaxed grains and liquid phase
n the tensile properties of AA2024, AA6061, and A356 aluminum
lloys have been thoroughly studied and discussed.

. Experimental procedures

Three different commercially extruded (with an extrusion ratio of 12) starting
aterials, AA2024, AA6061, and A356 aluminum alloys, were used for this work. The

illets were extruded at 440 ◦C. The alloys were selected to represent the range of
ajor wrought and cast aluminum alloys. For the reheating experiments, disk-like

amples 80 mm in diameter and 18 mm in length were machined from the starting
illets. In order to monitor the temperature, a hole on the lateral part of the samples
as  drilled, into which a K-type thermocouple was inserted. Using a resistance fur-
ace, the samples were rapidly heated up to the desired temperature. The average
eating rate was  110 ◦C/min. The samples were then held for 5 min  at the desired
emperature to allow globularization of the grains and then quenched in water at
oom temperature. The heating temperatures for each alloy are shown in Table 1.

The tensile test specimens were machined from the quenched disk-like sam-
les and prepared according to ASTM E 8M standards. The tensile specimens were
xtracted perpendicular to the extrusion direction. The position at which the spec-
mens were machined was the same for all alloys. The tensile test machine loaded
he  specimens at a 0.008 s−1 strain rate. An extensometer was  used to exactly mea-
ure  the elongation of the specimen gauge length. The tensile curves were analyzed
o  assess the ultimate tensile strength (UTS) and elongation. The reported UTS and
longation values were the average results from three tensile test specimens. The
racture samples were sectioned and prepared according to standard metallographic
ractices. The samples were etched with Keller solution before they were examined
ith an optical microscope. Morphological and microchemical characterizations
ere made by examining the polished side views (profile) of the fractures and

he  fracture surfaces with a scanning electron microscope (SEM) equipped with an
nergy dispersive X-ray spectroscopy (EDS). All quantitative measurements were
arried out with a minimum of 500 grains in a sample by means of iSolution DT
oftware.

. Results and discussion

.1. Microstructural analysis

Fig. 1 shows the typical microstructural evolution and the
ide views (profiles) of the fracture surfaces of the alloys after
he RAP processing at different holding temperatures (solid frac-
ions). When the alloys were heated into the semisolid state, and
he temperature reached the solidus temperature of the alloys,
emelting started at the grain boundaries [16]. Subsequently, the
icrostructures of the as-received alloys changed to a nonden-

ritic microstructure mostly consisting of equiaxed solid grains in
 matrix of the liquid phase. For each alloy, the microstructural dif-
erences among the specimens were mainly based on the liquid
ractions and the grain sizes at the various holding temperatures.
he variation in the liquid fraction is illustrated in Fig. 2. The liquid
raction was analyzed using the image analyzer software, and the
nal liquid fraction (f ) was calculated using the following equation:
l

l = Alf

AT
× 100,
Temperature, °C

Fig. 2. The variation in liquid fraction versus temperature for the alloys.

where Alf is the total area of the final liquid phase and AT is the total
analyzed area. It was evident from the micrographs and the calcu-
lated results that an increase in the holding temperature resulted
in a concomitant increase in the liquid fraction and in the thickness
of the liquid film located at the grain boundaries. The presence of
a large number of entrapped liquid droplets (isolated liquid pock-
ets) inside the grains was a distinct feature of AA2024 and AA6061
wrought alloys from the A356 cast alloy. However, the distributions
of the droplets within the AA2024 and AA6061 grains were quite
different. For AA6061, the droplets were distributed throughout
each grain, while for AA2024, the droplets were mainly observed in
the central regions of the grains. Moreover, for AA6061, a low hold-
ing temperature (605 ◦C) resulted in many small liquid droplets
that became fewer and larger as the holding temperature increased
(high liquid fraction). By contrast, for AA2024, few droplets were
observed at a low liquid fraction (at 575 ◦C), and when the liquid
fraction increased, they became greater in number and larger in
size.

The solidification shrinkage and porosity are significant struc-
tural factors of any casting. It is generally claimed that the improved
integrity of SSP castings is attributable to their lower solidifica-
tion shrinkages compared to those of conventional castings [2].  For
thixo-route, reductions in the volumetric shrinkages of as much
as 50% have been reported [30,31]. This reduction is due to the
presence of solid grains during SSP. Note that in the current study,
specimens without evident localized porosity were selected for
tensile tests. However, the solidification shrinkage microspores
could not be revealed by optical microscopy. The significant effect of
solidification shrinkage on the structural properties of the coexist-
ing phases (the grains and liquid film) and its subsequent influence
on the tensile properties will be discussed in detail later.

As outlined earlier, according to the microstructural features
of the fracture profiles (Fig. 1), the structure components that
appeared in the zone of material beneath the fracture surface were
globular grains and a quenched liquid phase. In general, the frac-
ture might be considered to be an extension of cracks in the material
consisting of the brittle phase (quenched liquid phase) and the duc-
tile second phase (grains). Note that the liquid phase was in the
form of a liquid film located at the grain boundaries and in the form
of liquid droplets within the grains. Since the rare evidence of frac-
tures within the grains (intragranular fracture) was  only detected
for AA6061 alloy at 626 ◦C and 629 ◦C, it seems that intergranular

fracture mainly occurred (Fig. 1). Furthermore, the marked absence
of intragranular fractures might imply that the interface cohesion
forces between the grains and the liquid film and/or the cohesion
force of the liquid film itself (intercrystalline fracture) were lower
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ig. 3. (a) A schematic for inter-granular fractures decohesion type ‘A’ and ‘B’ in whi
29 ◦C (38% liquid fraction), (c, d) AA2024 at 590 ◦C (20% liquid fraction). The interf

nterpretation of the references to color in this figure legend, the reader is referred 

han the force needed for decohesion within the globular grains
32,33].

A study on the tensile properties of thixoformed ZA27 alloy by
hen et al. [34] showed that the average grain size and the liq-
id fraction could strongly affect the tensile properties. In addition,
ne equiaxed grains are generally desired, because they provide
he best combination of strength and ductility by maximizing the
rain boundary surface area and more finely distributing the grain
oundary constituents [35]. However, in the current study, the
rain size varied throughout the microstructure, which might make
t difficult to logically evaluate the fracture behavior according to
he grain size. Nevertheless, the smallest average grain size was
chieved at the lowest liquid fractions (the lowest holding temper-
tures): 48 �m,  56 �m,  and 65 �m for A356, AA2024, and AA6061,
espectively. It is also worth mentioning that the average grain size

nd solidification shrinkage depend on the liquid fraction. Conse-
uently, it would be of interest to evaluate the fracture behavior
ccording to the liquid phase fraction (solid fraction) [30], which
e color represents the eutectic phase. SEM pictures of fracture profiles (b) AA6061at
r decohesion type ‘B’ is shown by arrows (in black) for grains labeled � and �. (For

 web version of the article.)

may  result in useful conclusions. Note that in this study, the detailed
effects of the intermetallic phase on the fracture behavior will not
be examined.

According to the fracture profiles in Figs. 1 and 3, with the excep-
tion of the intragranular fractures, for the intergranular fractures,
two  typical types of decohesion could be classified: (A) propaga-
tion of cracks through the liquid film located at grain boundaries
(intercrystalline fracture of the liquid film) and (B) direct decohe-
sion from the interface between the grains and the liquid film. In
other words, type A depends on the cohesion force of the quenched
liquid film (quenched eutectic phase) while type B depends on the
interface cohesion force between grains and the quenched eutec-
tic phase. A schematic for decohesion types A and B is shown in
Fig. 3(a), in which the liquid film is indicated in blue. For AA6061
alloy, typical evidence of decohesion type A, together with the

intragranular fracture from the liquid droplets, is clearly shown
in Fig. 3(b). The liquid film at the grain boundaries and the liq-
uid droplets appeared as a bright gray color in the SEM pictures.
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Fig. 5. The ultimate tensile strength and elongation versus liquid fraction during
Fig. 4. SEM fractograph of AA6061 at 626 ◦C (25% liquid fraction).

ragments of the liquid film on the surfaces of the grains marked I,
I, and III were observed, which indicated that the crack propagated
hrough the liquid film. Furthermore, for the intragranular frac-
ure, a loosened liquid droplet in the grain marked III was the most
nteresting feature of the picture (Fig. 3b). It seems that the holes

here the droplets were formed were fully filled with the liquid
hase. However, during the solidification, because of the simultane-
us effects of the solidification shrinkage and the absence of liquid
eeding to the isolated liquid pockets, the liquid droplets might
ose their interface cohesion with the solid phase. Subsequently,
he holes could act as stress concentration points. This might alter
he fracture behavior under specific conditions. For AA2024 alloy,
ig. 3(c) and (d) clearly shows particular evidence of decohesion
ype B: the rupture occurred at the triple point of the grains labeled
, �, and �, and it was followed by decohesion of the liquid film

rom the interfaces of grains � and �. In other words, the liquid
lm located at the grain boundary between grains � and � (clearly
hown in the picture in Fig. 3d) was completely detached during
he fracture. Furthermore, a typical debonding characteristic of the
racture could clearly be observed from the SEM fractograph of the
ensile-fractured AA6061 alloy specimen in Fig. 4. It is evident from
ig. 4 that grains were detached from the quenched liquid film
grain boundaries) without undergoing remarkable plastic defor-

ation. For all the reasons discussed in this section, it could be
upposed that the characteristics of the quenched eutectic phase
nd nature of the interface cohesion between the coexisting phases
the grains and the quenched liquid phase) have a dominant effect
n the fracture behavior of RAP processed alloys.

.2. Tensile properties

In Fig. 5, the ultimate tensile strength (UTS) and elongation
alues are reported and compared for alloys with different liq-
id fractions. As a general trend, an increasing in liquid fraction
aused the UTS and elongation values to initially decrease. This
ecrease was very apparent for AA2024 alloy, in which the UTS and
longation values monotonically decreased. However, for AA6061
nd A356, at liquid fractions up to about 15% and 27%, respec-
ively, the UTS and elongation values remained constant, but they
hen distinctly decreased until the liquid fractions reached 25% and
0%, respectively. On the other hand, it appears that the elonga-

ion exhibited a sensitive dependence on the liquid fraction. For
A6061, up to 25% liquid fraction, the elongation value fluctu-
ted at a level of 1.4–2.1%, which implies a quite brittle fracture.
owever, for A356 the elongation dramatically decreased from
RAP  processing for (a) AA2024, (b) AA6061 and (c) A356 alloys. Note that the tensile
tests repeated for three times at each liquid fraction. An error of ±10% has been
shown on the graphs.

13% (at 20% liquid fraction) to 5.7% (at 27% liquid fraction) and
then remained almost constant at 40% liquid fraction. Interestingly,
further increases in the liquid fractions from 25% and 40% (the crit-
ical liquid fractions) to higher liquid fractions of 46% and 60% for
AA6061 and A365 alloys, respectively, resulted in improvement of
the tensile properties. Note that for AA2024, the tensile experi-
ments were conducted only at liquid fractions of 10%, 20%, and 35%,
since the reheating experiments at higher liquid fractions failed;
the samples with higher liquid fractions could not withstand their
own weight [36].

For AA2024, sharp drops in the UTS and elongation values
occurred when the liquid fraction increased. This trend implies a
potentially detrimental effect of high liquid fractions on the tensile
properties. The highest UTS and elongation values were obtained
at the lowest liquid fraction (10%). It is worth noting that the elon-
gation values of 0.4% and 0.26% obtained at 20% and 35% liquid

fractions, respectively, were very small (and negligible) compared
to the elongation value (2.7%) at 10% liquid fraction. Thus, at the
former liquid fractions fully brittle fractures (0.4% and 0.26% elon-
gations) occurred, while at the latter a quite small amount of plastic
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ig. 6. SEM pictures of fracture profiles for AA2024 at 575 ◦C (10% liquid fraction).

eformation happened during the fracture. In addition, for A356
lloy, the elongation value changed in a similar way when the liq-
id fraction increased from 20% to 40% (below the critical value):
he highest elongation value (13%) was obtained at the lowest liq-
id fraction (20%), and it descended considerably to a low value of
.5% at 40% liquid fraction. Studying the reasons for the differences

n the tensile properties, particularly the elongation values at dif-
erent liquid fractions, could introduce new concepts, as there is no
esearch in this area yet.

As shown in Fig. 1, the distinct microstructure of the alloys at
0% and 20% liquid fractions (for AA2024 and A356, respectively)

n which the grains appeared to be mostly interconnected might
e the key point for explaining the tensile behavior of the alloys
hile at higher liquid fractions (up to 35% and 40% for AA2024 for
356, respectively) the solid grains were distinctly separated by

he liquid phase (Fig. 1). In general, in the semisolid state of the
lloys, the globular grains are loosely interconnected, forming a
tructural skeleton, and cannot be considered as isolated spheres
12,13,37]. The skeleton in the semisolid alloys is a result of the
onnections between grains through solid–solid grain boundaries
which will now be referred to as the necks) and ultrathin wetted
rain boundaries. The former can be clearly seen in Fig. 1 at high
olid fraction of alloys, but the latter is very difficult to quantify
nd will not be discussed here. Consequently, the higher elonga-
ion (plastic deformation) and UTS values for AA2024 and A356
lloys at liquid fractions of 10% and 20% compared to those at liq-
id fractions of 35% and 40%, respectively, could partially contribute
o the revealing effect of the skeletons (interconnected grains) and
he large number of necks among the grains at the lowest liquid
raction (Fig. 1). For instance, a typical shearing of a neck between
wo grains is clearly shown in Fig. 6 (for AA2024 at 10% liquid
raction). Obviously, decohesion between the grains marked “A”
nd “C” has occurred, but the shearing of grains through the neck
between grains “A” and “B”) has given rise to plastic deformation.
ote that the evaluation of necking at different holding tempera-

ures could be very complicated [37]. A higher holding temperature
ight result in melting of many initial necks and coarsening of just

 few necks. This might weaken the effect of the skeleton on the
echanical properties of the semisolid alloy. Furthermore, note

hat the decrease in the UTS values for AA6061 alloy occurred at 25%
iquid fraction, presumably, which could also be partially attributed

o the weakening in the structure of the skeletons.

Despite the effect of the necks on the tensile properties, the
haracteristics of the liquid phase (eutectic phase) appeared to
ominantly influence the tensile properties of the semisolid alloys
d Compounds 516 (2012) 192– 200 197

[38]. The results of the quantitative energy-dispersive X-ray spec-
troscopy (EDS) analyses at grain boundaries of the AA2024 and
AA6061 alloys are shown in Fig. 7. The increased concentration of
alloying elements at the grain boundaries confirmed that the liq-
uid film is the liquid eutectic phase [16]. As shown in Fig. 7, EDS
analyses revealed that when liquid fraction increased, the alloying
elements were enriched in the quenched eutectic phase located
at the grain boundaries [39]. This implies that a network of inter-
metallic particles formed and increased in amount as the liquid
fraction increased. According to the literature and EDS analyses, it
seems that the major intermetallic phases for AA2024 are Al2Cu
and Al2CuMg, and those for AA6061 are Mg2Si and AlFeSi [40–42].
The formation of intermetallic compounds could potentially lead
to the reduction in the tensile strengths of the semisolid processed
alloys [31,38]. However, an improvement of the tensile proper-
ties achieved by applying different solution and aging post-heat
treatments (such as T6) has been reported for semisolid wrought
aluminum alloys by other authors [43–45].  All these studies aimed
to dissolve the intermetallic phases formed in the eutectic phase
located at grain boundaries (liquid film). Liu et al. [23,38] have
conducted an extensive study regarding the effect of post-heat
treatments (T4, T5, and T6) on the tensile properties of semisolid
processed 2014 aluminum alloy. They claimed that after the opti-
mized post-heat treatments, the tensile properties of the alloy were
much improved. However, the UTS and the elongation to fracture
of the semisolid processed alloy were still poor compared to those
of the forged 2014 target. No explanation for these results has
been provided. This clearly implies that the tensile properties of
semisolid alloys are not only dependent on the characteristics of
quenched eutectic phase. Interestingly, according to the evidence
in this study, the tensile properties of the semisolid processed
alloys, particularly the elongation, also were significantly influ-
enced by the structural properties of the coexisting phases, such as
skeletons and interface cohesion between two coexisting phases.
In other words, the tensile properties of semisolid alloys are just
partly owing to the characteristics of the eutectic phase. Thus, the
recovery and improvements in the tensile properties that can be
achieved by applying only the post-heat treatments (T4, T5, and
T6) are finite. In addition, permanent changes in the tensile prop-
erties of semisolid alloys with different liquid fractions might occur
because of their different structural properties, such as the differ-
ent numbers and sizes of necks. A permanent change could not
be compensated by any of the post-heat treatments. For this rea-
son, semisolid alloys with different liquid fractions result in various
tensile properties even after post-heat treatments [44,45].

If the liquid fraction is increased, the solidification shrinkage
will increase [30], and in the absence of appropriate feeding for the
liquid film at the grain boundaries, the shrinkage might result in
two  major defects: (1) micropores within the liquid film and/or (2)
loose interface cohesion between the grains and the liquid film.
In either case, the mechanical properties of the material would
be damaged. Clear evidence of micropores within the liquid film
is shown for AA2024 alloy at 35% liquid fraction (Fig. 8a) and for
AA6061 alloy at 25% liquid fraction (Fig. 8b). However, as estimated
by an Archimedes test, the level of porosity stayed fairly constant
at around 0.9–1.5% at the investigated liquid fractions of the alloys.
This implies that the tensile properties might be independent of the
level of porosity. The same discussion is asserted for thixo-route
process of SSP at the solid fractions above 50% [31,46]. Therefore,
the interface cohesion between the coexisting phases seems to be
the essential factor determining how the tensile properties change.
In this study, the interface cohesion is deemed to be a structural

effect of the liquid film. The main conclusion to be drawn from this
discussion is that the tensile properties of the semisolid alloy are
partly due to the structural properties of the skeleton, which con-
sists of interconnected equiaxed grains, and the liquid film, which



198 A. Bolouri, C.G. Kang / Journal of Alloys and Compounds 516 (2012) 192– 200

 AA60

a
n
t

a

Fig. 7. EDS analyses for AA2024 and

cts as the binder of the skeleton. These structural properties can-
ot be altered by post-heat treatments, hence the importance of

he material processing conditions.

The tensile properties of A6061 and AA356 alloys experienced
n initial descent followed by an ascent to the maximum values
61 alloys at different temperatures.

(Fig. 5). The reasons for the initial decrease have been comprehen-
sively discussed earlier in this section. However, the subsequent

ascent was  a unique and interesting feature, as it has never before
been reported. For AA6061, when the liquid fraction increased
from 30% to 38% (at 626 ◦C and 629 ◦C), as shown in Figs. 1 and 3,
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ig. 8. SEM picture of microstructure for (a) AA2024 at 610 ◦C (35% liquid fraction)

he fractures changed from being only intergranular to featuring
hearing of the grains (intragranular fractures). The shearing of the
rains might occur through the necks and/or through the grains. In
ddition, the increase in strength (UTS) of the alloy was  accompa-
ied by a simultaneous increase in the elongation (ductility) value.
his was especially evident for the AA6061 alloy with a 46% solid
raction. The increase in elongation results from the high level of
lastic deformation that occurred in the microstructure. Since the
icrostructure consisted of a brittle quenched liquid phase and

rains, a sound assumption would be that the deformation occurred
n the grains rather than in the brittle phase. Evidence for deforma-
ion of a grain is clearly noticeable in Fig. 3(a) for the grain marked
: the decohesive surface of grain I with the curved shape in the
icture indicates a deformed grain. Therefore, it is fair to conclude
hat the nature of the cohesion between the coexisting phases has
mproved. More specifically, the interface cohesion between the
uenched eutectic phase and the grains was strong enough that it

ccommodated the tensile stress and transferred the stress to the
rains, causing their deformation and shearing. In Fig. 9, for AA6061
lloy at 46% liquid fraction, clear evidence for the formation of a

ig. 9. SEM picture of microstructure for AA6061 at 633 ◦C (46% liquid fraction).
) AA6061 at 623 ◦C (25% liquid fraction). Micropores are indicated by arrows.

continuous liquid film at the grain boundaries is shown. The pres-
ence of a high liquid fraction provided the appropriate feeding for
the eutectic phase located at grain boundaries, thereby diminishing
the deleterious effects of the solidification shrinkage on the tensile
properties. This could be the main reason for the large improvement
in the interface cohesion characteristics. Moreover, this discussion
is supported by the rarity of evidence for micropores throughout
the liquid film.

For A356 alloy, the increasing level of alloying elements such as
Si, Mg,  Fe, and Mn  in the liquid film with increasing liquid fraction
was  confirmed by EDS analyses. It is expected that some inter-
metallic phases, such as Mg2Si, Al5FeSi, and Al15(Mn, Fe)3Si were
formed [40,47]. In addition, as mentioned earlier, the concentration
of alloying elements drastically increased for AA6061 alloy when
the liquid fraction increased (Fig. 7). Thus, it could be deduced that
for AA6061 and A356 alloys, the presence of intermetallic phases
has been increased. This could potentially give rise to the reduction
in the tensile strengths. Nevertheless, as discussed earlier, when the
liquid fraction reached the critical values of 25% and 40% for AA6061
and A356, respectively, further increases in the liquid fraction led
to improvements of the tensile properties. Therefore, it might be
assumed that when the critical liquid fraction was  reached, the
tensile properties of the semisolid alloy became independent of
the presence of the intermetallic phase. This clearly confirms the
importance of the features of interface cohesion (the structural
properties) of the coexisting phases in the fracture behavior of
semisolid alloys. However, the morphology, size, and distribution of
the intermetallic phases must be investigated thoroughly in order
to reveal any related effects. This would require a new approach in
the design of experiments for further research.

4. Conclusions

For AA2024, AA6061, and A356 alloys, samples with differ-
ent liquid fractions were prepared by RAP processing for tensile
tests. Optical microstructural observations revealed that the struc-
ture components present in the zone of material beneath the

fracture surface were globular grains and a quenched liquid
eutectic phase. It appeared that intergranular fractures mainly
occurred in the samples. Two typical decohesion characters were
classified in the fractures: (A) intercrystalline fracture of the
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uenched liquid eutectic phase located at the grain boundaries (liq-
id film) and (B) direct decohesion at the interface between the
rains and liquid film.

As the liquid fraction increased, the strength and ductility of
he alloys noticeably decreased initially. This was very evident for
A2024 alloy. However, a further increase in the liquid fraction
esulted in an increase in the strength of the semisolid AA6061 and
356 alloys that was also accompanied by a simultaneous increase

n the ductility. For AA2024 alloy, the samples with higher liquid
ractions failed during the RAP processing, which made it impossi-
le to conduct a tensile test.

The fracture mechanism depended on the liquid phase fraction
ithin the thixotropic microstructure. The weakening effect of the

keleton (interconnected grains) was presumed to be the reason for
he initial decrease in the tensile properties caused by the increas-
ng liquid fraction. On the other hand, the improvement in the
ensile properties of the alloys was attributed to the improvement
f the cohesion strength between the coexisting phases. Specifi-
ally, it was supposed that the interface cohesion force between
he grains and liquid film was high enough that the tensile stress
as transferred to the grains, resulting in their deformation.

It was postulated that the interface cohesion between the grains
nd the liquid film was the determining factor that controlled the
ensile properties of the semisolid RAP processed alloys.
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