-1- TRANSFORMABLE AND RECYCLABLE SEM - SOLI D METAL PROCESSI NG FI ELD OF THE
| NVENTI ON 5 The present invention relates to a nethod for treating an all oy
for Sem - Solid Metal Processing (SSMP). It also relates to a method and
system for Sem - Solid Metal Processing or fabricating netal conponents.
BACKGROUND COF THE | NVENTI ON 10 Metal cqgnponents or parts are conventionally
manuf actured by casting, forging andf dr- machi ni ng processes. Casting
processes such as sand casting, die-casting or the |like pour or force a
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process, netals are first heated to a tenperature below its solidus
tenperature and plastically deformed by a press nachine to forma
corrponentHEI-DpQFtT'ﬁt'NVENﬁ@N ed shape and di nension. While the casting
process requires heating the netal material above its 20 |iquidus
tenperature and the forging process requires heating the netal materi al
below i ts sol iThes ptesepéiiratantion refatédhdo pnuthed foratrbating senallegofar Geral-al

ing". (9SS was de in 1970's by Flenin t al as djsc|osed,
For - oxamle MRALEromassin (SSHES, 45050 ihplas abMeded andhsyaler RATBh: o of
parts in @Olidtfﬂ%ﬂ?P%éés%fﬂgac?\g@bﬁﬁmteg{l%hwﬂe%@. and solidus tenperature

of the metal 25 nateria material is in a state of a
m xture of liquid and solid materials during the process. Wth nany

advant ag parts fornmed thereof may achi eve
conpl ex ﬁ%ﬁ%ﬁf’ﬁ@ﬁ&f?@?ﬁ%@%| dabl e and heat treatable, and
i oy oved nold worklife, the SSMP process has been w dely used in

i ndustrial applications to manufacture nmetal conponents and parts. 30 To
produce netal Mel@psaamonests pariastsugregogsumionally maputactned shie gasting,

forging and/or machining processes. Casting processes such as sand casting,
die-casting or the like pour or force a molten metal into a mold, and cool down the
molten metal in the mold fo its solid form to obtain components or parts. In a

15 conventional forging process, metals are first heated to a temperature below its
solidus temperature and p!astica!ly deformed by a press machine to form a
component or part with a desired shape and dimension.

While the casting process requires heating the metal material above its
20 liquidus temperature and the forging process requires heating the metal material
below its solidus temperature, another process called “semi-solid metal
processing” (SSMP) was developed in 1970's by F!emings et al as disclosed, for
example in US patent 3,948,650, which fabricates metal components or parts in a
temperature range between the liquidus and solidus temperature of the metal
25 material, i.e. the metal material is in a state of a mixture of liqguid and solid
materials during the process. With many advantages such as the components or
parts formed thereof may achieve complex geometry, higher strength, weldable
and heat treatable, and improved mold worklife, the SSMP process has been
widely used in industrial applications to manufacture metal components and parts.

30
To produce metal components or parts using SSMP, one important step is
to modify the dendritic microstructure which would normally be produced on




to nodify the dendritic mcrostructure which would nornmally be produced on
-2 conventionally-solidified netal material. Such dendritic m crostructures
have been avoided by preparing a material slurry of a solid-liquid
conposition conposed of solid, relatively fine and non-dendritic particles
inaliquid matrix (thereinafter referyred to as a sem-solid material). 5
A variety of researches has been carri"éd out into controlling

m crostructures of solidified nmetals and all oys. One exanple is disclosed

in US P 450, . ' ._@al Lch relates to.a ratuys and
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required for SSMP processing, it remains a relatively higher manufacturing
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15 While the above electromagnetic agitation may be able to break up the
dendritic microstructure hence convert the same into globular microstructure as
required for SSMP processing, it remains a relatively higher manufacturing cost as
because of, for example, the equipment and its handling costs for a
electromagnetic device and the agitation process. This method also has certain

20 limitations to the type of metal materials as due to the nature of the
electromagnetic agitation.

Another problem of this electromagnetic agitation process is that when a
component manufacturer purchases SSMP-producable alloy from an SSMP-
25 material vendor for fabricating components, the scraps generated during the
process (i.e. in a die-casting process), when attempted 1o send back to the
melting process to recycle, its globular-like microstructure will be converted back
to dendritic microstructure. As such, the scraps of the metal material are not able
to be directly re-used or recycled as semi-solid material by the component
30 manufacturer if it has no electromagnetic agitation facilities. |




to be directly re-used or recycled as sem-solid material by the conponent
30 manufacturer if it has no electromagnetic agitation facilities. -3
SUMVARY OF THE INVENTION It is therefore an object of the present invention
to provide a nethod for the preparation of sem-solid material for the
manuf acturi ng of the metal conponents 5 or parts. According to the present

I nvention, a nethod for heat-treating'éh‘alloy to nodify its dendritic

m crostructure for inproved sem -solid nmetal processability is provided,

which is ' rt the normally dendritic-
m crostru@mﬁ@gmyﬂﬁwaﬁfo a gl obul ar and/ or
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15 In accordance with a first aspect of the present invention, there is provided
a method for heat treating an alloy to modify its dendritic microstructure for
improved semi-solid metal processability, the method comprises heating the alloy
to a first temperature above its liquidus temperature to form a molten alloy, and
adding a refiner into the molten alloy. The molten alloy is then cooled down and

20 solidified to form an alloy slug with a globular and/or equiaxed microstructure for

further SSMP processing, to produce metal components or parts.

Preferably, the first temperature is controlled to not more than about 50 °C

above the liquidus temperature of the alloy and more preferably, the first

25 temperature is controlled at about 40-45 °C above the liquidus temperature of the
alloy.

In one embodiment, the alloy is solidified from a near-liquidus temperature

of not more than about 50 °C above the liquidus temperature of the alloy.
30




30 -4 Preferably, the refiner conprises at |east one el enent selected from
Na, Ti, B, Ce, Zr and Ca. More preferably, the refiner conprises at | east
two elements selected fromNa, Ti, B, Ce, Zr and Ca. 5 Preferably, the
contents of the refiner added in the nolten alloy is about 0.0001 %to
about 0.5% i n weight. Subsequent steps are provided, which may be
integrated into the above nethod as adihol e SSWP process, or be done
separately. These steps conprise io re-heating the alloy slug to a

tenperature b hg 1 1L gui ratur nd, the solid t enperat ure
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Preferably, the nethod_further c?{g)rl ses supplying a scrap generated 1is

during foteRsted dom Ne, Ebmdrordr ansl €8e nelting of the alloy to recycle the
scrap. In accordance with a second aspect of the present invention, there
Is provided an integrated systemfor fabricating netal conponents. The
sysi em conpr iPreferablyedhé montentsilof tha reéfémaddedrird the malteth allmoid aiveut

nodule. T eatin ule heats up a nmetal material to a tenperature
above its&ﬁpéﬁ% & OPEQ%?& Wte@eﬁto melt the netal material. The refining
systemreceives the nolten netal material fromthe heating nodul e and adds

arefiner into the nolten netal. Thereafter, the netal material with the
refiner added Subseguiedt Bleps are provide,iwhithimgy beothiégrates indo rtha atetval sl ug
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system further conprises a re-heating nodul e an 30 a form ng nodul e. The
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Preferably, the method further comprises supplying a scrap generated

15 during forming of the component to the melting of the alloy to recycle the scrap.

In accordance with a second aspect of the present invention, there is
provided an integrated system for fabricating metal components. The system
comprises a heating module, a refining module, and a cooling module. The

20 heating module heats up a metal material to a temperature above its liquidus
temperature to melt the metal material. The refining system receives the molten
metal material from the heating module and adds a refiner into the molten metal.
Thereafter, the metal material with the refiner added is solidified in the solidifying

module to form a metal slug with a globular and/or equiaxed microstructure.

25
The heating module heats up the metal material to a temperature of not
more than about 50 °C above its liquidus temperature to melt the metal material.
In one embodiment, the system further comprises a re-heating module and
30 a forming module. The re-heating module receives the metal slug from the

solidifying module and heats up the metal slug to a temperature between its

solidus temperature and its liquidus temperature fo form a softened billet. The




solidus tenperature and its liquidus tenperature to forma softened billet.
The -5 form ng nodule receives the billet fromthe re-heating nodul e and
forms the netal conponent. The netal conponent may be formed by casting or
forging or other suitable process. 5 Preferably, the systemfurther
conprises a recycling nodule for supplying a scrap material, either
generated during the form ng process or supplied froma separate source,
to the heating nodule for recycling purpose. Preferably, the netal slug is
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fl omchart showi ng the subsequent steps of formng conponents or parts

f ol | owi nPUtRRIC RIRERRSi n Fig. 1A according to one enmbodi ment of the present
invention. 20 Figs. 2A and 2B are enl arged schematic views show ng the

m crostructures of the alloy produced according to one enbodi nent of the

i nvention; Fi Prefkably, thevsystesdarther phvapagssaresiuling maodile fol suppiying ki ke
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10 present invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a flowchart showing the method according to one embodiment of
15 the present invention.

Fig. 1B is a flowchart showing the subsequent steps of forming
components or parts following that shown in Fig. 1A according to one embodiment
of the present invention.

20

Figs. 2A and 2B are enlarged schematic views showing the microstructures

of the alloy produced according to one embodiment of the invention;

Fig. 3A is a microscopic photograph showing the globularlike

25 microstructure of an LM5 alloy slug formed according to the present invention;

Fig. 3B is a microscopic photograph showing the dendritic microstructure of
a prior art die casting alloy;

30 Fig. 3C is a microscopic photograph showing the globular-like
microstructure of an A6082 alloy slug formed by using prior art electromagnetic
agitation process; |




of specinen formed according to the conventional electronmagnetic agitation
and the present invention; 5 Fig. 5A is a fractograph show ng

m crostructure of an A6082 all oy produced by using the conventi onal

el ectromagnetic agitation process; Fig. 5B is a fractograph show ng

m crostructure of an LMb all oy produced 10 according to the present
invention. Fig. 6 is a schematic dramrﬁb'shomﬁng a systemfor fabricating
metal conponents by casting or forging according to one enbodi nent of the
present invention. 15 DETAILED DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS A
met hod 100 for heat treating an alloy to nodify its dendritic

M crostruct ur &g o4 is BRiRreshGRRy tRe ldxfielRicatal REOGRSSS M@ chaRYE) prapeRTcdi ng to
one 20 enbodi nent of the present invention may be illustrated in Fig.

In a fir<Qf spesimen formed, ageerdingstq e apnsntignat ﬁielf;brgmametlalag;tataomn@nﬁlm

dendri ti foian such as an LMb alloy, is heated up to a
t enper at ﬁtrgp?% not'h\yréodﬁ!‘gﬁt han about 50C , such as about 40C - 50 C above

itssliquidus tenperature. The alloy is now molten. 25 It is believed that
when t he dendr%tlc m crostructured alloy is nolten, there exists

short-range orfdgr2Q imadractegragh @PW&QJW@W’@HF—? aban AROBRIAH9Y Prericeche
alloy | S Bealifg e clnidHidhal SlodirbiaBRE¢ BORAIGH HcBosych as 100C above |1

liquidus “lIne; as the case In onvention for exanple, these
short-range ordered near-solid structures will be greatly reduced or

elimnated. 3 cotroII| the neltin ur 0,Nnot re than
50 C above it '91? d?’cﬂJ Hfﬂ?r}g%?‘@mgl r{uqrgsc{g.gﬁp g a@ r@‘ﬂé efley Srefycsdange
ordered nRRbréifg It@lthéﬁ,fe%@htjfrﬁénﬁé@ mai ntained in the nolten all oy.

Fig. 6 is a schematic drawing showing a system for fabricating metal
components by casting or forging according to one embodiment of the present
invention.

15
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

A method 100 for heat ftreating an alloy to modify its dendritic
microstructure for improved semi-solid metal processing (SSMP) according to one
20 embodiment of the present invention may be illustrated in Fig. 1A. In a first block
120, a die-casting alloy which has initially a normal dendritic microstructure, such
as an LM5 alloy, is heated up to a temperature of not more than about 50°C , such
as about 40°C — 50 °C above its liquidus temperature. The alloy is now molten.

25 It is believed that when the dendritic microstructured alloy is molten, there
exists short-range ordered near-solid structures in the molten alloy. When the
alloy is heated to a relatively higher temperature such as 100°C above its liquidus
line, as the case in the conventional method, for example, these short-range
ordered near-solid structures will be greatly reduced or eliminated.

30




5 1n a next block 130, a refiner nmade of one or nore of Na, Ti, B, Ce, Zr
and Ca and/or conbinations thereof, with a content of about 0.0001%in

wei ght to about 0.5%in weight, is added into the nolten alloy LMb. In a
next bl ock 140, the nolten alloy with the refiner added is cool ed down, 10
under either normal gravity or high consolidation pressure by use of an

I njection system to its solid phase "ahd form an SSMP- processabl e al | oy

sl ug. The cooling process may be controlled by using mater cooling or air-
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- 15 nm i §{i0 ¥‘é”#§taé9 mgiptatned m thgrmelteryalloy.pr essure for achieve the
air-cooling. 20 It is believed that by virtue of the refiner added in the
nolten all oy which contains short-range ordered near-solid structures, the
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a first 150, an I'ng to a method as shown in
Fig. 1A is re-heated to a terrperature bet ween the |iquidus and the solidus

tenperature o t he orm ene

contains a nd&%”?’f@@?%ﬂ“go hreaWB aﬁ YJP‘H"gbtgﬁtreﬁ@%E\t‘,@e&E@ OE%{;/&?
nexy bl oclindedQitHeh ol gmltybcbﬂ rh.gh cdmbu@@ncm BrRASERS byqjsfe%mﬁ%éétﬁﬂx
mechani cal conponents or part , for exanple, casting or forging. -
shown i n $steM2in itsppredisl meeandjérﬂbaa&%\maemcessabﬁ)aw@ slbg. | i qui dus
tenperature as illustrated in the block 110 if Fig. IA the alloy 200
cont ai ns .near -

The cooling process may be controlled by using water-cooling or air-

cooling. As an example, water pipes with a diameter of 10 ~ 15 mm is used to

15 surround a molten alloy container. Water flows with a flow rate of about 2 — 5

litres/min. within the pipe to achieve the cooling. Alternatively, air-cooling method

may be used, which uses air pipes of 10 ~ 15 mm in diameter and 3 — 8 bar of air
pressure for achieve the air-cooling.

20 It is believed that by virtue of the refiner added in the molten alloy which
contains short-range ordered near-solid structures, the formation of the dendritic
microstructure is prevented in the solidified alloy and instead, the alloy is obtained
with globular and/or equiaxed microstructure is obtained, which is suitable for
SSMP processing.

25

According to one embodiment of the present invention shown in Fig. 1B, in
a first block 150, an alloy slug obtained according to a method as shown in Fig. 1A
is re-heated to a temperature between the liquidus and the solidus temperature of
the alloy to form a softened billet, which preferably contains a liquid fraction

30 ranging from about 40% to about 60%. In a next block 160, the softened billet
may be processed to form desired mechanical components or part by, for
example, casting or forging.



solid clusters 210. Wth adding-in of the refiner, the large sized
near-solid clusters 5 210 in the nolten alloy 200 are converted to many

| ocal -area near-solid clusters 220, as shown in Fig. 2B. By virtue of the
het er ogeneous nucl eation and the refinenent, the alloy 200 eventual |y have
a nmuch finer globular and/or equiaxed structure, w th near-honogeneous
nucl eation 230 after a gravity rapid CébTing or a pressure rapid cooling.
10 Fig. 3A shows that, an LM all oy processed according to the present

i nventi on possesses a globular-like mcrostructure, which is significantly
different fromthe dendritic mcrostructure of a prior art die-casting

al l oy, as showks sRoWwhdn FigB2A T@hbAheBE Uty a tdipefatlir@Eidvet HEQigRluan 1N
Fig. 3Ais substantially simlar to 15 an A6082 all % produced by the
1))

convlent i dREIPEEAteEe ﬁérﬂﬂlﬁ'@ﬁ@% imthe Blockrd 19rib Eigs A, thfﬁ RA0i gontaigs near- Thﬁse
Lol obul T quatbr i Ul SAARGHT br HECRERRE ok POl MEFRoUb RIS e
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at least conparable to an A6082 alloy produced by the conventional

el ect ronala'ﬁggli'r@ rapi% GRABA- pr ocess, which has an 175 MPa strength, 25.4%

el pmpgati on and 64 HRF hardness, respectively. The fractographs of both an
A6082 alloy and an LMo al | oy produced by the 30 conventional
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i ndi cat esfrom the dendritic microstructure of a prior art die-casting alloy, as shown in Fig.
3B. To the contrary, the microstructure shown in Fig. 3A is substantially similar to
15 an A6082 alloy produced by the conventional electromagnetic agitation process,
as shown in Fig. 3C. These results show that an alloy prepared according to the
present invention has a globular-like microstructure which is similar to that
prepared by conventional electromagnetic agitation technology, therefore it is
suitable for subsequent manufacturing steps to produce mechanical corﬁponents
20 or parts based on the SSMP technology.

In an experimental test result shown in Fig. 4, there further shows that the

strength of the LM5 alloy produced according to the present invention possesses

a 224Mpa strength, a 22.3% elongation and a 70 HRF hardness, which are higher

25 or at least comparable to an A6082 alloy produced by the conventional

electromagnetic agitation process, which has an 175 MPa strength, 25.4%
elongation and 64 HRF hardness, respebtiveiy.

The fractographs of both an A6082 alloy and an LM5 alloy produced by the
30 conventional electromagnetic vibration and the present invention, respectively can
also be seen in Figs. 5A and 5B, which show the presence of dimples on the




t he ductil e behavior of the alloy. As shown in Fig. 6, a system 600 for
formng netal conponents according s to one enbodi nent of the present

i nvention conprises a heating nodule, such as a furnace 610, a refining
nodul e 620, a solidifying 630, a re-heating nodule 640, a form ng nodul e,
such as a die-casting or a forging machine 650 and a recycling nodule 660.
The furnace 610 receives the ram/netarshaterial, whi ch has a nornal
dendritic mcrostructure, and heats it up above its |iquidus tenperature to

el §r TR TR Ao e ds STlotBA0RT REIG AEPe? 6 Whghdboratesy i ng

nodul e G&Berd%mbmavmd)f@ﬁ)@bm_dovm the refined netal naterial fromthe
refining nodule 620 to forma 'solidified netal slug with a gl obul ar and/ or
equi axed m crostructure. is The re-heating nodul e 640 receives the netal

slug fromthe L i Lyl I 3 ' its.sem -solid
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refining nodul e 620, the cooling nodule 630, the re-heating nodul e 640,
he. di o° JIRUTTIahgeRARt RUCHSEUaIEC: Ha NSl CheRUISIoaaYs (gmPBANR e and
opid M ze bk 1P Rictal PBtdtfal! TheS¥RhAY modliessd-AlddR/es emblied M&al froeat i ng
an alloy to nodify its dendritic mcrostructure for

the furnace 610 and adds a refiner thereinto. The solidifying module 630 receives

and cooled down the refined metal material from the refining module 620 to form a

solidified metal slug with a globular and/or equiaxed microstructure.

15 The re-heating module 640 receives the metal slug from the solidifying
module 630 and heats it up to its semi-solid state (i.e. a temperature between the
solidus and liquidus temperature) to form a softened billet. The die-casting
machine 650 receives the softened billet from the re-heating module 640 and
produce final components or parts by die-casting.

20
The scraps generated by the die-casting machine 650 méy be collected by
the recycling module 660 and supplied back to the furnace 610 for recycling
purpose.
25 A controlling module 670 may be provided to control and coordinate the

operations of the furnace 610, the refining module 620, the coolihg module 630,
the re-heating module 640, the die-casting machine 650 and the recycling module
660 to regulate and optimize the operation of the system.




I nproved sem -solid netal processability, the nmethod conprising: heating
the alloy to a tenperature above its |liquidus tenperature to form a nolten
all oy whilst maintaining the short-range ordered near-solid structures;
adding a refiner to the nolten alloy; solidifying the nolten alloy with the
refiner by rapid-cooling to produce 10 2. 15 3. 4. 20 5. 256. 7. 30 8. an
alloy with globular-1ike microstructurd®-The method as recited in claimi,
further conprising controlling the tenperature to maintain short-range
ordered WQEAQﬁ lid structures in the nolten alloy. The nmethod as recited
in claim?2; rein the tenperature is no nore than about 50C above its

| i qui dus tenperature. The nmethod as recited in claim3, wherein the

tenperature is about 40- 45C above its |iquidus tenperature. The nethod as
recited ih cl ahmmethoghtarelreating agl algy ite podifiitsi dendritiommicrastauctute der dus

mothod a6 reci PR enl-u gk B Ssab ey, e riBod REFPESR oo ca by
5 heating the alloy to a temperature above its liquidus temperature to form
a molten alloy whilst maintaining the short-range ordered near-solid
structures;
adding a refiner to the molten alloy;
solidifying the molten alloy with the refiner by rapid-cooling to produce

10 an alloy with globular-like microstructure.

2. The method as recited in claim 1, further comprising controlling the

temperature to maintain short-range ordered near-solid structures in the

molten alloy.
15
3. The method as recited in claim 2, wherein the temperature is no more than
about 50°C above its liquidus temperature.
4. The method as recited in claim 3, wherein the temperature is about 40-
20 45°C above its liquidus temperature.
5. The method as recited in claim 1, wherein the alloy is solidified from a near
liquidus temperature of not more than 50°C above its liquidus temperature.
25 6. The method as recited in claim 1, wherein the rapid-cooling is effected by
gravity rapid-cooling.
7. The method as recited in claim 1, wherein the rapid-cooling is effected by
pressure rapid-cooling.
30

8. The method as recited in claim 1, wherein the refiner comprises at least
one element selected from Na, Ti, B, Ce, Zr and Ca.




gravity rapid-cooling. The nmethod as recited in claim1l, wherein the
rapid-cooling is effected by pressure rapid-cooling. The nethod as recited
inclaiml, wherein the refiner conprises at |east one elenment selected
fromNa, .Ti, B, Ce, Zr and Ca. -11 9. 510. 11. 10 isl1l2. The nethod as
recited in claim8, wherein the refiner conprises at least two elenents
selected fromNa, Ti, B, Ce, zr and CallThe nethod as recited in claim 1,
wherein the contents of the refiner added in the nolten alloy is about
0.0001 %to about 0.5%in weight. A nethod of fabricating a netal

conponent, the method conprising providing an alloy prepared according to

claim1; ge-herid Rkthbe = iéQMeHQnaclélﬁFBervﬂ{é#éiﬁ PRt MeRBr icbfptiaks HiSeastd
I|qU| dus tenperature to forma softened billet: form ng the conponent by

usi ng the sof tteealementseseledted frammal TasBr@ei Zeand Bacl ai m 11, furt her
conprising supplying a scrap generated during form ng of the conponent to
the heating of the alloy to recycle the scrap.

5 10. The method as recited in claim 1, wherein the contents of the refiner added

in the molten alloy is about 0.0001% to about 0.5% in weight.

11. A method of fabricating a metal component, the method comprising
providing an alloy prepared according to claim 1;
10 re-heating the alloy to a temperature between its solidus and liquidus
temperature to form a softened billet;

forming the component by using the softened billet.

12. The method as recited in claim 11, further comprising supplying a scrap
15 generated during forming of the component to the heating of the alloy to
recycle the scrap.




