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[ Abstract] The mechanism of the tension and fracture of 2024 Al alloy at se mi-solid were theoretically and experi mental-

ly investigated, with the isothermal tension of 2024 Al alloy at se mi-solid state as an example . Results of theoretical and

experimental analysis show that the tensile deformation of 2024 Al alloy at se mi-solid state is achieved by the relative slid-

ing of grains and the deformation of liquid me mbrane under tensile stress. The relative sliding of grains is mainly accom-

modated by the nucleation and growth of cavities under tensile stress . A cavity will nucleate in the region with the largest

hydrostatic stress at first and then grow along preferential grain boundaries , leading to the final fracture of specimen along

grain boundaries .
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1 INTRODUCTION

Compared to conventional technologies such as
casting and plastic forming , se mi-solid metal process-
ing (SSP) is a kind of newly e merging metal process-
ing technology, being highly efficient and low-con-
suming . So, it is necessary to conduct some theoreti-
cal and experimental studies being relevant to
SSP!' "7 Because of the special characteristics of se-
mi-solid metal , its mechanical behaviors and defor ma-
tion mechanisms will be different from that of solid
metal . So, studies on the mechanical behaviors and
deformation mechanis ms of se mrsolid metal will lay a
theoretical basis for SSP. Up to now, the mechanical
behaviors and deformation mechanisms of the se mir
solid compression of alloys and composites have been
studied by many researchers, but the deformation
mechanis ms and damage mode of the se misolid ten-
sion of alloys and composites have rarely been stud-
jed! 73,

solid metal processing technologies , which will lead to

There are tensile stresses in the actual se mir

the damage of parts. However, it was hard to find
references discussing this process. So, the micro
structural deformation mechanisms and damage mode
of alloys at se mi-solid state are investigated in this pa-
per, with 2024 Al alloy as experimental materials and
with its se mtsolid isothermal tension as example .

2 EXPERI MENTAL

2024 Al alloy was used as experimental materials,
the method for determining its melting range was re-
ferred to Ref.[ 7]. The Se misolid raw material used
for the semisolid tension test was fabricated by the

method of liquidus casting[g] . According to the tech-
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nique of liquidus casting, the liquid 2024 Al was
poured into a steel die at (638 £2) C and cooled at
the ambient temperature. Thus, the semisolid raw
material with nom dendritic microstructure could be
produced .

Tensile specimens were cut from the extruded
rod after heat treat ment along longitudinal direction .
Tension tests were conducted on Shimadzu materials
testing machine and the tensile te mperature was se-
lected as a semrsolid te mperature of 575 C . Before
the tension experiments, the specimen were main-
tained in furnace at 575 ‘C for about 10 min, and the
te mperature difference was controlled in the range of
£2 C. Tension experiments were conducted in at-
mosphere without inert gas protection. Tension strain
rate in experiments was 0 .036s"'. In the process of
tension experiments, the deformation force- displace-
ment curve was automatically recorded by testing ma-
chine. Because macro necking did not appear in ex-
periments , tensile true stress-true strain curves can be
derived by simple calculation, shown as Fig.1 . In or
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Fig.l Tensile true stress-true strains curves
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der to observe the microstructure changes of specimen
in experiments , the specimen were quickly quenched
in cold water immediately after the tension experi-
ments to re main the deformed microstructures . Speci-
mens for the microstructural investigation were pre-
pared by mechanical and che mical polishing process .
Electronic probe and SEM were used to observe the
microstructure . The fracture surface of tensile speci-
men was investigated on SEM after the goldspraying
treat ment .

3 RESULTS

3.1 Tensile true stress true strain

It can be seen from Fig.l that the stress will in-
crease with the increase in the strain at the initial de-
formation stage , that the stress reaches a peak value
when the deformation degree is about 3.7 % and the
stress will rapidly decrease with the progress of defor
mation up to the final fracture of specimen. It also
can be seen from Fig .l that the total strain of speci-
men is about 4 .7 % before the final fracture . Howev-
er, the ambient elongation of 2024 Al alloy is about
16 % . So, it can be supposed that the liquid phase ex-
isting in the grain boundaries will cause the variation
of deformation mechanism when specimen is de-
formed at se misolid state , leading to the decreasing
of the elongation of 2024 Al alloy .

3.2 Microstructure
3.2.1 Liquid volume fraction

The grain boundaries of specimen mainly are lig-
uid phase after its holding at 575 C for about 10
mint”1. Liquid volume fraction can be estimated as
about 9 .75 % using image method.
3.2.2 After fracture

After the tension experiments, the fracture of
specimen can be macrostructurally divided into two
kinds: 1) planar fracture surface, perpendicular to
tension axis; 2) oblique fracture surface, inclining
45° to tension axis. In order to observe the mi
crostructure change in the process of tensile deforma-
tion, two points in the central position of specimen
and near the fracture surface were investigated, and
the results were shown in Fig .2 . In Fig.2, the ten-
sion axis is parallel to the longitudinal direction of pa-
per. It can be seen from Fig .2(a) and (b) that there
are large cracks in the region near the fracture surface
and these cracks mainly consists of two parts: 1) one
part existing in the grain boundaries perpendicular to
the tension axis, indicated by arrow A; 2) another
part existing in the grain boundaries inclining a cer
tain angle to the tension axis , indicated by arrow B.

In addition, it can be seen from Fig.2 that the
grains in the tension specimen rarely undergo plastic
deformation when the deformation te mperature is 575

‘C and the strain rate is 0.036s ' . Fig.3 is SEM

Fig.2 Microstructures of tensile specimen at
g p

position near fracture surface
(a) —Oblique fracture surface ; (b) —Planar fracture surface

Fig.3 SEM micrograph of fracture

surface of tensile specimen
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photographs the fracture surface of tensile specimen.
It can be obviously found that the tension fracture of
2024 Al alloy at semi-solid is a typical fracture along
grain boundaries .

4 DISCUSSION

4.1 Stress state in temnsile specimen

Figs .4(a) and (b) show the stress state of dif-
ferent grain boundaries in tensile specimen. It can be
seen from Fig .4(a) that the grain boundary a-b bears
the shear stress 7 and the tensile stress ¢ and the
grain boundary c-d do not bear any stress. It can be
seen from Fig .4(b) that the stress state of grain
boundary e-fis similar to that of grain boundary a-b
and there is only tensile stress on grain boundary I's
h. In addition, a strain will be produced at the inter
face between solid phase and liquid phase because of
the microstructural move ment of electrons , inducing

Tensile stress &

Cavity

Liquid phase

an internal stress in liquid phase, because atoms in
the liquid phase are not similar to those in the solid
phasel !

According to the require ment of the continuity of
the wave function of quantum mechanics , the surface
electron density of atoms in the two sides of solid-lig-
uid interface must be equal. However, the surface
electron density of atoms in the two sides of solid-lig-
uid interface is not equal. So, in order to meet this
require ment , the atoms in the two sides of solidliquid
interface will change their volumes, which causes a
volumetric strain in the liquid phase, inducing a in-
ternal stress in the liquid phase[m] .

Fig .4(c) is a magnified diagram of the grain
boundary a-b in Fig .4(a) . It can be understood that
the total strain of tensile specimen is mainly composed
of two parts: 1) the relative sliding of grains under
shear stress, &(shear strain) ; 2) the deformation of

the liquid me mbrane sandwiched between two solid

Liquid phase
Tensile stress o
Cavity

Fig.4 Sche matic representation of stress distribution along

liquid grain boundaries in tensile specimen
(a) —Position 1 ; (b) —Position 2 ; (¢) — Magnified diagram of grain boundary a-b
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grains under the tensile stress, & .

4 .2 Deformation and fracture mechanis ms

It can be supposed that a shear stress and a ten-
sile stress will be produced on grain boundaries when
the tensile load is imposed on the tensile specimen,
shown as Fig.4. Under the effect of shear stress, the
relative sliding of grains will begin to produce a
strain. A strain will be produced in the liquid me m-
brane under the effect of tensile stress with increasing
the external load, and cavities will greatly nucleate in
the liquid phase and grow along certain directions
when the tension stress reaches a critical value. At
the same time, the externally imposed tensile stress
will rapidly decrease , shown as Fig.l .

In addition, the relative sliding of grains mainly
is accommodated by the formation of cavities in liquid
phase . The formation of cavities consists of two pro-
cesses , the nucleation and the growth. According to
Ref [ 6], a cavity will appear in the region with the
largest tension stress, namely in the intersection of
three grains . It was noted by Marion, Thouless and
Evans that the nucleation of cavities in the solid body
with liquid grain boundaries needs a critical tension
value 0, and that the nucleation rate of cavities, 7,
will rapidly decrease up to zero if the tension stress in

liquid phase is lower than this valuel® .

Regarding a
spherical cavity, if it nucleates in the intersection of
three grains, its critical radius r, and nucleation rate
n can be expressed by following equation[(’]

2y

=", (1)

_ 8 thlns Y 16T Y3
Y N R R (2)
where  f; is liquid volume fraction, n, nucleation

amount per volume , gthe viscosity of liquid phase , ¥
the surface tension of liquid-gas interface , 2 the vol-
ume of atoms or molecules in liquid phase, Othe ten
sion in liquid phase, k Boltzman constant. In addi-
tion, it is worth noting that above two equations are
based on the hypothesis of homogeneous nucleation .
Most of atoms in the liquid phase in the syste m of this
paper are copper atoms. When Cu exists in liquid
state, its radius is 0.128 nm, its viscosity is 5.0 X
102 Pa*s and its surface tension of liquid-gas inter
face is 0.38 J/ m*["'! | These parameters were substi-
tuted into above two equations to calculate the critical
nucleation radius and the nucleation rate . The results
of calculation are shown in Fig .5 .

It can be seen from Fig.5 that the critical nucle-
ation radius of cavity is about 0.1 ~0.2nm, being e-
quivalent to the radius of copper atoms , which shows
that cavities will easily nucleate in the liquid phase
under the effect of tension stress. However, it can be
seenfrom Fig.5(a) that it is difficult for a cavity
to nucleate in liquid phase if the tension stress is lower

| (a)

(b)
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Fig.5 Predictions of critical cavity radii and
cavity nucleation rates based on

homogeneous nucleation theory
(a) —Cavity nucleation rate ; ('b) —Critical cavity radii

than a critical value ¢ (2 500 MPa) . It also can be
seen from Fig.5(a) that the nucleation of cavities in
liquid phase needs the tension stress of 2 500 MPa.
Although the external tensile stress is different from
the tension stress in the liquid phase , it is surprising
to find that the hydrostatic tension stress in the liquid
phase is about 2000 times larger than the external
tensile stress. So, it can be supposed that there are
other causes making possible the nucleation of cavi-
ties: 1) the stress concentration due to the irregulari-
ty of the size and shape of grains; 2) the effect of in-
homogeneous nucleation actually e merging in the lig-
uid phase ; 3) the internal stress caused by the change
of atoms in the liquid phase under the interface ef-
fect!
liquid phase only under the combined effects of above

. It is possible for a cavity to nucleate in the

causes . Cavities mainly grow and propagate along lig-
uid grain boundary im mediately after they nucleate in
the liquid phase . It can be seen from Fig .2 that cavi-
ties mainly grow along the grain boundaries perpen-
dicular to the tension axis ( indicated by arrow A)
and the grain boundaries inclining an angle to the ten-
sion axis (indicated by arrow B) because the largest
tensile stress and shear stress exist on these two grain
boundaries, but rarely propagate along the grain
boundaries parallel to the tension axis . After the cavi
ties grow and converge , the large cracks will appear,
leading to the fracture of specimen along grain bound-
aries .
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5 CONCLUSIONS

1) The tensile stress and shear stress will be pro-
duced on different grain boundaries after an external
tensile load is imposed on the tensile specimen .

2) The total strain mainly consists of two parts:
a) the deformation of liquid membrane under the ef-
fect of tensile stress; b) the relative sliding of grains
under the effect of shear stress .

3) Under the combined effects of the external
tensile stress, the stress concentration due to the ir
regularity of the size and shape of grains, the effect of
actually e merging inhomogeneous nucleation and the
internal stress caused by the interface effect, a large
tension stress will be produced in the liquid phase and
the cavities will nucleate in the liquid phase and grow
along the preferential grain boundaries , leading to the
final fracture of specimen along grain boundaries .
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