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WANG Shurrcheng( EK) ,

CAO Furong( H'E %),

WEN Jing lin( ¥ 5 #K)

(School of Materials and Metallurgy, Northeastern University, Shenyang 110004, China)

Abstract: The microstructural evolution of the A2017 semisolid alloy billets provided with rheocasting and

extruding/ extending forming by shearing-cooling-rolling( SCR) technology during reheating in semrsolid state was

investigated. The microstructural differences and their generation causes for both billets were also analyzed. The

results show that during reheating, the grains of rheocasting billets grow up and spheroidize gradually with the

prolongation of isothermal holding time, the eutectic liquid phase at low melting point forms mainly among the

grains. However, the grains of the extruding/ extending forming billets grow up abnormally through grain coales-

cence in the initial stage of the reheating, the entrapment of large amount of liquid within grains occurs, and the

grain sizes in the reheating billets are coarse and inhomogeneous. Compared with extruding/ extending forming bil-

lets, rheocasting billets have smaller and uniform grains in reheating microstructure and can rapidly form liquid

phase among grains. Therefore, rheocasting billets are more suitable for the semrsolid forming than the extruding/

extending forming billets.
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1 INTRODUCTION

The thixoforming process for semrsolid met-
als is composed of three main processes, 1.e. semr
solid slurry preparing, billets reheating and thixo-
forming. The key to the success of the thixoform-
ing process is to gain the fine and uniform spheroi-
dal grains suspending in the liquid phase in semr
solid alloy'"™ . Tt is well known that it can obtain
non-dendritic microstructures ( degenerated den-
drite, rosette or equiaxed) but it is difficult to ob-
tain fine and uniform spheroidal grains during slur-
ry preparing. So prior to processing, billets rehea
ting become a key procedure for thixoforming
process. the grains
should be as spherical as possible in order to in-

Through billets reheating,

crease the thixotropic properties of the semrsolid
slurry. In addition, grain growth should be pre
vented so that the final forming product will obtain

4 In recent

satisfactory mechanical properties
years, the billets reheating process have been re-
searched widely, including selection of reheating
equipments, decision of reheating process ( rehea-
ting temperature, reheating speed and reheating

time) and microstructural evolution”™ . Loue''”,

Bergsmal''', LI and JIANG'" et al proposed
that the microstructural evolution during billets re-

heating and its final microstructures strongly de
pend upon the original microstructures and ther-
momechanical history of semrsolid billets.

T he shearing-cooling-rolling (SCR) process is
a new approach to the efficient preparation of semr

[14]

solid slurry The semrsolid slurry can be cast

into billets by rheocasting' "

or can obtain large
size billets by continuously extruding/extending
forming process through the installation of exten-
ding dies at the exit of semrsolid slurry in SCR

machine''" .

Pervious experimental works show
that both billets are composed of different non
dendritic microstructures. However, the micro-
structure evolution during reheating of semrsolid
billets prepared by SCR is still unknown. In this
paper, both billets were reheated in semrsolid
temperature zone and the microstructure evolution
was studied. Special attention has been focused on
the differences in the structural evolution between

two billets during reheating and their causes.
2 EXPERIMENTAL

The material used in this study was commer-
cial A2017 aluminum alloy, which has a wide semr
solid temperature zone with solidus temperature
and liquidus temperature being 513 C and 641 C,
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respectively. The chemical compositions were
3.8%~ 4. 8% ( mass fraction) for Cu, 0.4%~ 0. 8%
for Mg, and 0. 4% ~ 0. 8% for Mn, balanced with
Al. The reheating billets are the rheocasting billets
and continuously extruding/ extending forming bil-
lets prepared by SCR machine. The microstruc
tures of both billets are shown in Fig. 1(a) and
Fig. 1(b), respectively. As shown in Fig. 1(a),
both billets are composed of not a spheroidal
microstructure but fine rosette-shape grains and
coarse grain boundary for rheocasting billet. Very
fine equiaxed grains and fine grain boundary for ex-
truding/ extending forming billet can be seen from

Fig. 1(b).

Fig. 1 Microstructures of A2017

semrsolid alloy billets
(a) —Rheocasting; (b) —Extruding/ extending forming

The reheating samples cut from both billets
were cylinders, whose sizes were 20 mm in diame-
ter and 30 mm in height. The samples were iso-
thermally heated in an electric resistance furnace.
The reheating temperature was precisely controlled
by a thermocouple placed at the edge of the sam-
ple. After reaching the predetermined isothermal
holding time, the samples were withdrawn and
quenched in water immediately. The reheating
temperature was set to 625 C, which corresponded
to the theoretical liquid fraction of 54% calculated
by Scheil equation'"”". The quenched samples were
firstly sectioned and polished, etched in a mixed
solution of 2mL HF+ 3 mL HCL+ 5mL HNOs+
250 mLL H»0, and observed by the optical micros-

copy. The microstructure of samples was observed
by back-scattered electronic imaging technique on
Japan Shimadazu SSX-550 scanning electron micro-
scope(SEM). The micro-composition variation w as
analyzed by energy spectrum of SEM. The equal
area circle diameter( the equalareacircle diameter
D= 2[S/7"?) of grains and liquid phase fraction
were measured by [AS-4 automatic image analyzer.
To obtain a reasonable and accurate statistical re-
sults, at least 200 grains were counted for each
evaluated specimen.

3 RESULTS AND DISCUSSION

The microstructural evolution of the billets by
rheocasting reheated at 625 C for different holding
times is shown in Fig. 2. When the billets were re-
heated to the semrsolid state, the eutectic phases
at low melting point melt firstly, and resulted in
the melting of boundary of primary grains through
the mass diffusion at liquid-solid interface. It can
be seen from Fig. 2(a) that after 10 min of holing
time, rosette starts to coalescence, amalgamate

1% 1 "its grains obviously tend to grow

and grow
and spheroidize and do not possess the characteris-
tics of rosette microstructure. But in this case, the
eutectic liquid phase exists in small amount and
grain boundary becomes ambiguity. It can be seen
from Fig. 2(a) that as rosettes s arm abends and
melting exists and rosettes amalgamate during
melting, some eutectic liquid phases are wrapped
into to form small pool in grains'*'. After 20 min
holding, as shown in Fig.2(b), the grain bounda-
ry becomes clear gradually, grains further grow
and spheroidize, but in this case, the eutectic
quantity is much less than the equilibrium eutectic
quantity. When the holding time lasts 40 min, it
can be seen from Fig. 2(¢) that grains grow obvi
ously, liquid phase fraction increases obviously and
form continuous liquid phase network. It can be
seen from Fig. 2(c) that compared with Fig. 2(b),
the quantity of grains decreases obviously due to
the amalgamation and growth of grains. When the
holding time lasts 90 min, it can be seen from Fig.
2(d) that it reaches the 54% equilibrium eutectic
quantity at holding
grains spheroidize obviously and separate by liquid

temperature. M eanw hile,
phase network. There is no obvious variation in
grain size but the quantities of grains decrease fur-
ther as compared with Fig. 2(c).

During the initial stage of reheating, only a
small quantity of the eutectic liquid phase exists. A
continuous solid skeleton forms among grains.
Under the driving of decrease of free energy of sys-
tem, grains mainly amalgamate and grow up
through melting. It can be seen from Fig. 2 that it
is the amalgamation and growth of grains at the in-
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Fig.2 Microstructures of rheocasting billets reheated at 625 C for different holding times
(a) —10 min; (b) —20 min; (c¢) —40 min; (d) —90 min

itial stage that leads to the increase of grains size in
reheating billets, sharply decrease of grain quanti-
ty and small liquid pool form inside grains. With
the diffusion of solute in solid phase and with the
prolongation of holding time, liquid phase inside
grains amalgamates and grows up gradually. The
back-scattered electron image of the reheating
microstructure for rheocasting billets in the semr
solid state is shown in Fig. 3. It can be seen that
the grain boundaries disappear gradually due to the
melting and amalgamation of grain boundaries, as
shown by arrow A in Fig. 3. By means of SEM en-
ergy spectrum analysis, we know that those small
liquid pools inside grains pointed by arrow B are
Curich low melting point eutectic phase, the same
as liquid phase of grain boundaries.

Since the grains coalescence strongly depends
on the numbers of adjacent grains and the extent of
grain connectivity, grain coalescence will be the
dominant mechanism during the early stage of the
whole reheating process. With the prolongation of
holding time and the increase of liquid phase, Ost-
wald ripening will be the grain growth mecha-
nism'"” *. That is to say, after small grains melt,
they deposit gradually onto big grains due to mass
transfer, and cause big grains to grow continuous-
ly. The spheroidization of grains also obeys Ost-
wald ripening mechanism because such mechanism
takes the dissolution of solute on the surface of big
curvature as its prerequisite. Because Ostwald rip-
ening takes the long distance migration of solute as

Fig. 3 Back-scattered electron image of
microstructure for rheocasting billets

its prerequisite, such migration is rather slow un-
der the action of no convection. Therefore, the mi-
crostructural evolution is rather slow. It can be
seen from Fig. 2 that after the rheocasted sample is
held at 625 C for 40 min, the liquid phases among
grains increase obviously and form eutectic liquid
phase network. The sample continues to hold 90
min, grains further spheroidize but grain sizes and
quantity vary little. In this case, quenching is per-
formed, non-deposited solutes precipitate on the
margin of big grains and inside eutectic liquid phase
to form large numbers of fine dendrite colonies, as
shown in Fig. 4.

The microstructural evolution of the extru-
ding/ extending forming A2017 billets reheated at
625 C for different times is shown in Fig. 5. The
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Fig. 4 Fine dendrites on large primary grain
boundary or in eutectic liquid phase field

variation of the grain size with the holding times
for rheocasting and extruding/extending forming
billets is shown in Fig. 6. It can be seen that some
significant differences exist in reheating micro-
structure of two billets and their microstructural e
volution, as shown by comparing Fig. 2 with Figs.
5 and 6. Firstly, the grain size in extruding/ exten-
ding forming billets increases sharply at the initial
stage of the holding, then decreases as the holding
time increases. However, the rheocasting billets
show a continuous increase of the grain size as the
holding time increases. Secondly, another signifi-
cant difference between the extruding/extending
forming billets and the rheocasting billets is that
the former have a large amount of liquid phase

inside the grains, while the latter have very few
amount of the liquid phase inside the grains. How-
ever, in order to keep the same equilibrium liquid
fraction, the amount of the liquid phase among the
grains in extruding/ extending forming billets is
much less than that in the rheocasting billets. Fi
nally, the last significant difference is that the
grain size in extruding/ extending forming billet is
more coarse, inhomogeneous and round than that
in rheocasting billet.

Extruding/ extending forming is of a rapid so-
lidification technology. Therefore, the grain sizes
in extruding/extending forming billets are much
smaller than those in the rheocasting billets, the
eutectic phase at low melting point not only forms
among the grains but also forms in great quantities
inside the grains. The connection among fine
grains is precise, as shown in Fig. 1(b). After re
heating enters semrsolid state, grains grow into
coarse grains through melt, amalgamation and rap-
id growth among grains, which result in sharp in-
crease of grains at the initial stage of reheating,
meantime a large number of eutectic phase is
wrapped inside grains, as shown in Fig. 5(a). With
the prolongation of holding time, eutectic phases
dissolve further, eutectic liquid phases inside the
grains also gradually amalgamate and grow and in-
terpenetrate with liquid phase among grains, resul-
ting in the separation and melting and break of big
grains and refinement of grains''®', as shown in
Fig.5. Therefore, after extruding/ extending billets

Fig.5 Microstructures of extending/ extruding forming billets reheated at

625 C for different holding times
(a) —10 min; (b) —20 min; (c¢) —40 min; (d) —90 min
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Fig. 6 Relationship between grain size and
holding times

are reheated for 10 min, grain size decreases gradu-
ally and the quantity of grains increases with the
prolongation of holding time. With the prolonga-
tion of holding time, grains also spheroidize gradu-
ally under Ostwald ripening mechanism. However,
some coarse grains still exist. Grain sizes are very
inhomogenous. Large numbers of liquid phase are
enwrapped inside the grains. But for rheocasting
billets, the solidification rate of semrsolid metal
slurry is very slow in copper die, although its grain
size is larger, most of the grains are rosette, but
the eutectic phase at low melting point finally so-
lidified mainly form among them, as shown in
Fig. 1(a). After billets are reheated into semrsolid
state, such microstructure is favorable to the rapid
formation of liquid phase among grains and re-
straint of excessive grain growth due to grain coa-
lescence at the initial state of reheating. There-
fore, reheating microstructure possesses fine
grains and less small liquid pool inside grains, as
shown in Fig. 2.

Based on the above discussion, comparing
with extruding/ extending forming billets, rheoca-
sting billets have smaller and uniform grains in re-
heating microstructure with high degree of sphe-
roidization. Most liquid phases form among grains.
There has less liquid phase inside grains. Such mi
crostructure increases the valid liquid phase frac
tion among grains, improves the fluidity for thixo-
forming and reduces the shrinkage resulting from
solidification of entrapped liquid pools during
thixoforming. Therefore, rheocasting billets are
more suitable for the thixoforming than the extru-
ding/ extending forming billets.

S CONCLUSIONS

1) During isothermal holding in the semrsolid
state, the grain size of rheocasting billets increases

ding forming billets increases sharply through
grain coalescence initially, then decreases.

2) The eutectic liquid phase in reheating mi-
crostructure for rheocasting billets forms mainly a-
mong grains and small amount of liquid phase ex-
ists inside the grains while large amount of liquid
phase forms inside the grains for extruding forming
billets and small amount of effective liquid phase
exists among grains.

3) The rheocasting billets have smaller grain
sizes and more spheroidized and homogeneous
grains than the extruding/extending forming bil-
lets during reheating at the semrsolid state. Liquid
phase can form rapidly among grains. The rheoca
sting billets are more suitable for the semrsolid
thixoforming.
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