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ABSTRACT

A relationship between stress and stain is very important to design a die to avoid
defects of products during semi-solid forming process.Since the liquid will be of eutectic
composition in alloys, liquid segregation will result in significant or undesirable
situation. The materials used in this experiment are A357, A390, Al2024 alloys that is
fabricated by the electro-magnetic stirring process from Pechiney in France. The
compression test was performed by induction heating equipment and MTS.

In order to prevent the liquid segregation, these measured temperature would be useful
to control of strain rate during compression test. The liquid segregation is controlled as
change of the strain rate and solid fraction during the compression process. The
characteristics of flow between solid and liquid phase considering liquid segregation is
examined through the above experiments.

In the case of medium and high volume fractions of solid, the distribution of strain
rate is calculated by using compression test data of semi-solid materials (SSM). The
thixoforming experiments with the designed die are carried out successfully. The die
filling patterns of SSM for variation of die temperature and pressing force have been

investigated. The hardness of the thixoformed scroll products is evaluated in terms of
the microstructure for each position,

Keywords: thixoforming, overflow position, liquid segregation, die temperature, pressing
force
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1. Introduction

For optimization of net shape forging process with semi-solid materials(SSM), it is
important to predict the deformation behavior for variation of strain rate, but the
rheological behavior of mushy state alloys is not sufficiently known. Usually, the
rheological behaviour of alloys in the semi-solid state has been examined by using
parallel plate compression. However, for analysis of the thixoforming process, it should
be necessary to conduct a formation of stress-strain curve in semi-solid alloys. In
particular, important problem is to prevent segregation of liquid component during
deformation. Semi-solid forming is a method to make globular structure, and
deformation the nearest desired product in temperature between solidus and liquidus
line, and a lot of concerns are focused in several aspects like saving energy and
process, etc. [1-2] Since manufacturing technology for semi-solid alloy was discovered in
the middle of studying hot tearing phenomena in early 1970’s, Suery et al.[4] have
studied compression behavior of Sn-15%Pb alloy in semi-solid state and effect of strain
rate, and Toyosima et al.[5] have studied simple compression, filtering, and rolling
process. They formulate them, applying compressive visco-plastic models for the solid
region of materials and Darcy’s flow for the liquid region. Kang et al.[6] compared
experimental data with results of finite-element analysis for compressing process of
semi-solid aluminum(A356) materials using a yield condition for porous material. Kenny
et al.[7] reported the best quality production was obtained in the case of SSM forging,
at solid fraction of a billet , 60~70 %. Yoshida et al.[8] reported microstructure and
liquid flow state with Al-Cu alloy in semi-solid forging. As a result of casting with rapid
velocity, using materials of which solid fraction is 60%, it was observed that there is no
segregation in the produced specimen. To prevent a segregation of liquid, in forging
process, die should be preheated. It is reported that lowest temperature in die
reheating, changes in dependant on billet temperature and compressing die shape, and
it was reported that the optimal die temperature is 250 to 300°C. Chen(9] reported the
experimental deformation behavior, dividing it into deformation behavior of the liquid
region according to mutual contact of the liquid region and solid grains, plastic
deformation of the solid grains, and contact of the solid grain, in deformation behavior
of SSM.

The curve of stress-strain rate of semi-solid material is different from the hot
compression phenomenon of established materials for deformation of solid grains in
compression forming, It is very important to note that the limiting strain rate does not
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increase, but decreases, in accordance with the increase of stress in compression
experiments for the utilization of semi-solid forging process. Therefore, in this study,
compression experiments have been performed to investigate deformation behavior of
semi-solid material with variation of processing parameters such as compression velocity
and the solid fraction. In order to produce components without defects, the condition
of forging is controlled to increase of stress with increase of strain rate in initial
forming process at  constant velocity. Therefore the relationship of the velocity
variation to the continuous increase of stress with increase of strain rate has been
proposed in the compression experiments. The experiments to fabricate scroll products
for variation of die temperature, pressure, and pressing holding time were performed.
Scroll products fabricated by using semi-solid aluminum alloys were compared in terms
of hardness, and the possibility used for the scroll products was examined. Furthermore,
the mechanical properties were investigated by testing the hardness of the fabricated
scroll products

2. Compression Experiments

The material used in these experiments are ALTHIX(A357. A390) material, which is
fabricated by electro-magnetic stirring process, from Pechiney and is Al2024, which is
fabricated by hot extrusion in compression ratio 9.37. The chemical composition of
each material is shown Table 1. In forming process of semi-solid material, compression
experiments have been performed to investigate the relationship of flow character with
variation of solid fraction and die velocity. The compression test of semi-solid
material is performed with specimen of h=15x20mm at the temperature of 1200 of
desired solid fraction using an MTS(Material Test System) with an associated electronic
furnace. Fig.l is the schematic diagram of the experimental apparatus used for the
compression of the semi-solid aluminum alloy. Temperature, solid fraction, load,
displacement and compression velocity are measured during SSM compression test. At
first, the stress-strain are investigated from load and displacement. Generally, in SSM
compression test, stress decreases from maximum strain. Then the velocity changes at
the displacement correspondent to maximum stress, in order to prevent of liquid
segregation. In this obtained stress-strain curve, stress increases according to strain
increase. Compression experiments have been performed using A357, A390, Al2024 with
compression experiment method of A356. For experiment conditions, solid fractions are
50%(620°C), 70%(599°C) and 90%(556), and die velocities are 500mm s, 200mm s,

*17,



100mm s, 10mm s, Imm s in the case of Al2024

3. Compression Experiment Results and Discussion

Compression experiments have been performed using A357, A390 and  Al2024.
Fig.2(a)~(e) show the shape of the specimen at state of 50%(6207) solid fraction
according to change of Vdie =500, 200, 100, 10, 1 mm s-1. we know that surface of
specimen proceeds fracture with increase of die velocity. Fig. 3(a)~(e) show the shape
of the specimen at state of 70%(5997) solid fraction according to the change of die
velocity. There is small change compared with fs(solid fraction)=50%, but fracture
degree of surface is smaller than fs=50%. Fig. 4 (a)(b) show the shape of the specimen
at state of 90%(556°C) solid fraction. The barrel was observed like hot compression with
increase of solid fraction. Fig. 5~7 show curve of true stress-strain rate according to
change of die velocity when the solid fractions are fs=50%, 70%, and 90%. As shown
in Fig. 5~Fig. 6, initial stress peak point is observed at strain rate 0.05~0.1. However,
from strain of =0.1, stress decreases remarkably and reaches plateau. This phenomenon
accounts for by liquid flow being activated and transfer to the free surface area at the
specific strain rate, even though the stress increases for densification of the structure
and stimulation of liquid flow from the first moment. In compression forming of
semi-solid materials on high temperature, surface of specimen was broken away
during compression by liquid flow towards surface of the specimen. Therefore, forming
method of closed forging shape is needed as free surface does not exist. Fig 7 of
fs=90% shows the shape of the specimen at the state of solid fraction differing from
Fig .5~Fig .6 of fs=50% , fs=70%. The above cause is that because in high temperature.
globularness hasn’ t been made in the solid fraction, in the direction of extrusion,
orientation of structure doesn’t only exist but also liquid flow does not exist, in the
first stage of deformation. the stress increases extremely, and as globular microstructure
is fracture, stress decreases extremely. Fig. 8 shows that the relationship of
stress-strain rate represents that of algebraic coordinates(log ¢ -log ¢ ) using the result
of compression experiments with various alloys and temperatue, employing the
definition of the coefficients K and m (flow stress equation: o= K &”). The K and m
values are solved with linear recursion using a divided interval, as shown in Fig. 8 and

Table 2. Fig. 9(a) and (b) show a structural photograph of specimen center and surface
compressed with variation of die velocity in the case of fs=50%. When die velocity is
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over Vd=100mm s-1, solid grain and liquid phase flow simultaneously, so solid grain is
relatively homogeneous in entire cross section. The compression deformation was
observed in the middle part of the material by the stick of solid grains and structure
size was relatively minute. Fig.10(a)~(c) show flow state of specimen cross-section at
height-reduction ration 50%. in case die velocities. Vd are 500mm s”. 100mm s, Imm
s'. When die velocity, Vd was 500mm s’ as shown in Fig.10(a), the separation
phenomenon of solid and liquid phase wasn't observed, but in the case of die velocity
was Vd =lmm s™' as shown in fig.10(c) separation phenomenon of solid and liquid phase
was made, so after deformation, boundary including porosity was observed and liquid
distribution is much around surface. Fig.1l shows the relationship between true strain
and stress for variation of strain rate with A357 in case of solid fraction, 50%. In high
strain rate of 5.88x107'sec”!, true strain to obtain of maximum stress is 0.1. However,
in the case of strain rate less than 29.4 sec’, maximum stress obtained at the true
strain of 0.15. The decreasing rate of stress decreases remarkably from maximum stress
when the strain rate increases, as shown in Fig. 5, 6. Fig. 12, 13, is the relationship
between true stress and true strain of strain-rate jump at the maximum stress point
with A357. The effect of strain-rate jump to prevent liquid segregation is shown in Fig.
14. The macrostructure of the cross-section after compression in semi-solid state shows
that the free surface of specimen is maintained when the strain-rate velocity changes
and porosity is reduced.

Fig. 15 shows the curve of strain-stress of A390 alloy. The maximum stress except
for strain rate, 5.88<10 'sec” is obtained at true strain of 0.15. In forming process of
SSM, the strain rate should be controlled to continuously increase the stress according
to increase of strain rate at the position which is shown at a peak point of stress, as
shown in Fig. 5, 6, 11 and 15. For understanding this phenomenon. the continuously
increase of stress according to increase of strain rate is investigated in compression
test. Fig.16 is the curve of stress-strain rate with various compression velocities at a
strain, ¢=0.1. As shown in Fig.16, the stress increases continuously for the value that
strain rate of , 5.88<107 , 5.88x 107, 2.353 and 7.058 sec’ are to increase of 5.88x
10", 2.353, 7.085 and 29.4 sec’ respectively. When compression velocity changes,
discontinuity point is found at strain, 0.17. The sharply decrease of stress is considered
as an error of time needed to control velocity with high die speed change in Material
Testing System. Fig.17 shows jumping strain rate values to obtain continuously
increasing strain-stress curve, When initial strain is 5.88x107 sec’ , and first and
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second jump strain rate is 5.88x10" and 5.88 sec’ respectively. As shown in Fig.16,
the data error at the jumping point is also considered because of sensitivity of MTS due
to velocity change.

In Fig. 18, the microstructure of A390 after compression shows the effect of

strain-rate jump. Because of its chemical composition A390 alloy have less deformation
resistance, 1 step strain-rate jump shows enough homogeneous microstructure without
porosity compared to 2 step strain-rate jump as shown in Fig. 18.
According to the above experiment , forming limitation will be improved because the
lower solid fraction is, the lower load is. It is known that distribution of solid and
liquid phase is homogeneous because of distinguished from boundary of Vd=100mm/s as
shown in Fig.10¢a)~(c)

4. Experiments of 86S Scroll Component
4.1. The method of experiments

Wear resistance test was performed with aluminum alloys (A356, A357, A390, ALTHIX
86S) fabricated by Pechiney in France and cast iron materials used for conventional
scroll products. From the results of the test, aluminum material with high applicability
was selected, and the thixoforging experiments were performed using this aluminum
material. The chemical composition of ALTHIX 86S material used for the thixoforging
experiments was shown in Table 1. Fig. 19 shows the relationship between pressing
force and die temperature to obtain better products in forming processes of scroll
products. It shows possible region for forming and is classified into complete filling (@),
non-filling (WP and partial filling (a). Generally, the higher pressing is at die
temperature 200~3007, the better filling is. Fig. 23 is the photos of scroll component
with various filling type. Fig. 20 shows cross-sectional areas of scrolls where the
hardness was measured. 5 regions from [A]~[E] were selected for micro vickers
hardness test.

4.2. The results of experiments and discussion

For the thixoforging process both the coexisting solidus-liquidus phase, the reheating
conditions to obtain the globular microstructure are very important. Jung et al. [10]
proposed that the eutectic must be melted completely at over 572°C (completely eutectic
melting temperature of ALTHIX 86S alloy), and the reheating time for the complete
eutectic melting is necessary to obtain a fine globular microstructure. So, in this study,



these experimental reports were used. The scroll products with ALTHIX 86S alloy were
fabricated with various experimental conditions, and the hardness was measured in [A]~
[E] of Fig. 20 and the results of the hardness test were shown in Figs. 21 (a), (b) and
(¢). Figs. 21 (a), (b), and (¢) show the results of the hardness test on the scroll
specimen fabricated at the forming conditions of Exp. No.2, No.7 and 8, as shown in
Table 3. As shown in Figs. 21 (a) and (b), the hardness is 75~85Hv at the Exp. No.2
and 8 but at the Exp. No.7, the hardness is 55~60 Hv in [A]~[D], and low relatively.
The above reason is that filling looks good apparently but as cooling rate affecting on
the grain size reduces, the globular microstructure is not created but dendrite. Fig. 22 is
the photos of 86S scroll component with various filling type. Semi-solid material (SSM)
properties have a great influence on the local strain rate, solid fraction, and processing
technology. As SSM is filled into the die cavity, the material is not uniformly strained
throughout. This results in both temporal and spatially-varying strains and strain rates.
To analyze thoroughly a die filling and improve the mechanical properties of
thixoformed products, all of these factors properly accounted for in the material model.
Defects of products occurring during thixoforming are unfilling phenomena in the die
filling, oxide films, segregation of eutectic, coarsening of Si particles, shrinkage pores
and so on. From the above results, thixoforming technology proposed in this study
would result in the reduction of lead-time and promotion of the thixoforming
technology.

5. Conclusions

In the compression test of semi-solid aluminum materials, the following results were
obtained from investigation of the deformation and the transformation of the
macrostructure, considering the strain rate.

(1) From the macrostructure change appearing in the compression behavior of SSM,
more homogeneous structure phenomena can be observed with greater compressive
velocity.

(2) In the compression tests of SSM, macro-separation appeared between the solid and
the liquid region because of the outflow of the liquid state, densification of the
structure was observed in the middle of part, and less porosity is outflow to the
surface was observed, with a greater compressive velocity.

(3) After compressing forming of Al2024 material, the faster deformation rate was, the
more distribution of solid and liquid phase was homogeneous and critical rate to
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distribute solid and liquid phase homogeneously, was about Vd=100mm s

From compressing experimental result using A357, A390 and Al2024, database of
semi-solid materials can be obtained to prevention of liquid segregation, in
compressing forming process, through change of strain rate, the method of
compression experiments by control of solid fraction and liquid phase was
suggested.

Through the compression experiment results, fabrication of high quality scroll
component without liquid segregation was successfully conducted
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Table 1. Chemical composition of A357(ALTHIX), Al2024, A390(ALTHIX) and 86S(ALTHIX)

Si Fe Cu Mn Mg Cr Zn Ti Pb

A357  Min(%) 6.5 - - - 0.30 - - - -
Max (%) 7.5 0.15 0.03 0.03 0.40 - 0.05 0.20 0.03

Al12024 Min(%) - - 3.8 0.3 1.2 - - - -
Max(%) 0.50 0.70 4.9 0.9 1.8 0.10 0.25 0.15 -

A390  Min(%) 16.0 - 4.0 - 0.5 - - - -
Max(%) 170 0.4 50 0.1 065 - 005 0.2 0.03

86S  Min(%) 5.5 - 2.5 - 0.30 - - - -
Max (%) 6.5 0.15 3.5 0.03 0.40 - 0.05 0.20 0.03

Table 2. K and m values with various alloys and temperature as shown in Fig. 8

alloy A356 A357 A390 86S Al2024
symbol J X [ | 2 o A [ | L] O
Temp.C Hhtd 572 D85 565 567 | 577 | 563 620 599

K 1.02 1 029 | 1261 | 065 | 343 | 034 | 032 | 1.57 | 0494 | 1.336
m 032 | 07 ] 029 | 052 | 037 | 048 | 043 | 0.37 { 0.209 | 0.476

Table 3. Scroll forming condition by using ALTHIX 86S alloy with d x1=76 x30(mm) in
thixoforming process

Exp. No.| Die Temperature Pressingilfbl'cei Pressing Holding
Td (T) P (MPa) | Time tp (sec)
2 200 104 : 20
7 250 80 45
8 250 80 )
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Fig. 1. Schematic diagram of intelligent compression test to prevention of liquid
segregation during experiment of SSM

(a) (b}
() ()

Fig. 2. Specimen after compression at fs=50% (Al2024)
(@) Vd = 500mm/sec (b) Vd = 200mm/sec (¢) Vd = 100mm/sec
(d Vd = 10mm/sec  (e) Vd = lmm/sec

()

{r} 1) ()

Fig. 3. Specimen after compression at fs=70% (Al2024)
(@Vd = 100mm/sec  (b)Vd = 200mm/sec (c)Vd = 100mm/sec
(dvd = 10mm/sec (e)Vd = lmm/sec
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Fig. 4. Specimen after compression at fs=90%(Al12024)
(@Vvd = 10mm/sec (b)Vd = lmm/sec
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Fig. 5. Engineering stress-true strain Curve at fs=50%
(A12024)(Vd= 500mm/sec~1mm/sec)
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Fig. 6. Engineering stress-true strain curve at fs=70% (Vd= 500 mm/sec ~ 1 mm/sec)

_25,



Trug Stramn, ¢

Fig. 7. Engineering stress-true strain curve obtained at fs=90%
(A12024XVd = 10mm/sec ~ lmm/sec)
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Fig. 8. Relationship between log « and log ¢ with various alloys and temperature
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Fig. 9. Evolution of the microstructure of semi-solid alloy upsetting for variation
of die speed(fs=50%, 6207C)

(@) Vd=500mm/sec (b) Vd=100mm/sec (¢) Vd=lmm/sec
Fig. 10. The microscopic photo of cross-section compressed at solid fraction £S=50%,
reduction ratio of 50%
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A357(585C) compression data
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Fig. 11. Engineering stress-true strain curve (A357) for variation of strain rate at
fs=50%

A357(585C) strain—rate jump(istep)

3 - 5.88x1072 sec” — 5.88%10™
& 588x10" sec™' — 588
- 5.88 sec”' — 29.4 sec”’

True stress, o(MPa)
n

0 0.1 0.2 0.3 0.4 0.5
True strain, €

Fig. 12. Engineering stress-strain curve obtained for variation of each initial
compression velocity to prevention of liquid segregation(A357)

A357(585°C) strain—rate jump(2step)

-6-5.88x107" -~ 5.88 -» 29.4 sec”'
8588 —29.4 — 5.88X10 sec’

True stress, o(MPa)
N

0 0.1 0.2 0.3 0.4 0.5
True strain, €

Fig. 13. Engineering stress-strain curve obtained for variation of each initial
compression velocity to prevention of liquid segregation(A357)
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Fig. 14. Macrostructure of A357 compression specimen with constant strain rate
and variation of strain rate at decreasing point of stress(5857C)
(@) (1:5.88x 107" sec”, :5.88x10° — 5.88x10"" sec’!
(b) (1:5.88 <10 sec’, 2:5.88 — 29.4 — 5.88 10 sec”’
(©) (1:5.88 sec™!, (2:5.88x10"-5.88 sec”, 3 5.88x107-5.88 x10"'—-5.88 sec”
() (1:29.4 sec”, 2:5.88-29.4 sec”, 3 5.88x10"'—>5.88--29.4 sec’’
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A390(567C) compression data
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Fig. 15. Engineering stress-true strain curve (A357) for variation of strain rate at

fs=50%
A390(567C) strain—rate jump(1step)

5
i~ - 588x10%sec’’ — 588x10" sec’
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Fig. 16. Engineering stress-strain curve obtained for variation of each initial
compression velocity to prevention of liquid segregation(A390)

A390(567°C) strain-rate jump(2step)
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Fig. 17. Engineering stress-strain curve obtained for variation of each initial
compression velocity to prevention of liquid segregation(A390)
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Fig. 18. Microstructure of A390 compression specimen with constant strain rate and
variation of strain rate at decreasing point of stress(567 ()
@ : 5.88x10" sec”
@ : 294 sec’ @ @ @
@ :5.88x10% — 5.88x107" sec’
@ : 7.05 — 29.4 sec”
& :5.88x10" — 5.88 — 294 sec
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Fig. 19. Relationship between die preheating temperature and pressing force to
obtain the good product in fabrication process of scroll components
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Fig. 20. Positions of scroll product to investigate microstructures
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Fig. 21. The Microhardness of 86S products after thixoforging with various
conditions

(@) Complete filling ( @ ) (b) Partial filling ( A ) (¢) Defective filling ( |l )

Fig. 22. Scroll produced by thixoforming using ALTHIX 86S aluminum alloy
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