.-=---- 12 DEC 2006 PROCESS FOR | NJECTI ON MOLDI NG SEM SOLID ALLOYS
TECHNI CAL FIELD 5 The present invention relates generally to a process for
dinjection nolding netallic alloys and, nore particularly, to a process for
. injection nolding senm-solid alloys having a high content of solid '
‘material”. 10 BACKGROUND OF THE | NVENTI ON Seni-solid netals phrdDEEMMy began
as a casting’process developed in the early 1970s at the Massachusetts
Institute of Technol ogy. Since then, the field of sem -solid processing
has 15 expanded tgd-pel uds SeM-38l 1, Herging and sem -solid nolding.

Semi -sqlid processing provides &z - trvantage %S  conventi onal

of nolten netals. One

nmet al s- processi ng techni ques tt}@ requi re t he use

advantage i s the energy savi ngs—m ng to heat netals to their
melting points and maintain the 20 netals in their nolten state during
processi ngtheAnertdsent ddvemtiage rsldtee redwestianbdnta ofrddegyi doet al
corrosi on irgausash By1RIRCASEANG f WhhyyRlken, drt al s, ; S§0;50l,id injection
mol di ng- ( $3bMsd St MBLal SR %féﬁnign%emgg’s tlei\ghn# ue that util izés a single
machi ne fqr injecti ngl,%I o%/s Cinasem-solid StAPE PAYYS @bt o form an
article of & —nearl yonst "t¥¥H&y shape. In addition to the advantages of
sem -solid processing nentionéd above, the benefits of SSIM also include
an i n¥r eased desi gn fl exi Badraroumd drhent i N@Enstharticle, a | owporosity
article as nolded (i.e., without subsequent heat treatnent), a uniform

article mgpostduat WS sand. articl es with nmechanical and surface-finish
properties, t re l?lgri%foctetgsﬁ%sgeﬁ% e By BonVEIEPBnaRTEEEEi ng. Al so,

t a
because t%ev%n 1%e  Pr Bife §87 110 O | 2k ehien MarrackHe s e Inattyre36£ oXi dat i on
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conventional metals-processing techniques that require the use

of molten metals. One advantage is the energy savings of not
having to heat metals to their melting points and maintain the

20 metals 1in their molten state during processing. Another
advantage 1is the reduced amount of liguid-metal corrosion
caused by processing fully molten metals.

Semi-solid injection molding (SSIM) is a met-éls—processing

25 technique that utilizes a single machine for injecting alloys
in a semi-solid state into a mold to form an article of a
nearly net (final) shape. In addition tb the advantages of
semi-solid processing mentioned above, the benefits of SSIM
also i_nclude an increased design flexibility of the final

30 article, a low-porosity article as molded (i.e., without
subsequent heat treatment), a uniform article microstructure,
and articles with mechanical and surface~finish properti.es that
are superior to those made by conventional casting. Also,
because the entire process takes place in one machine, alloy

35 oxidation can be nearly eliminated. By providing an ambient
environment of  inert gas {(e.g., argon), the formation of‘
unwanted oxides during Processing is prevéntéd and, in turmm,
the recycling of scrap pieces is facilitated.




B R --- 12 DEC 2006 The major benefits of SSIMare
primarily attributed to the presence of solid particles within the slurry
of alloy material to be injection nolded. The solid particles are
generally believed to pronote a | am nar flowfront durin%ﬂép5ﬁgtion . 5
nol di ng, whi ch minimzes porosity in the nolded articl el 2THe: terial is
partially nelted by heating to tenperatures between the |liquidus and the
solidus of the alloy being processed (the |iquidus being the tenperature

above which the all %}4\%& COMPLEhe! ¥rd ifidrand dtheisotédluso behag t he
8% 16°%hi ch '

terrperatL?Frbel%ﬁow f the alloy is I | ¥ SQhbd)mateSi M avoi ds the
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whi ch ar ecgemer ahigctiioni epkdedo baPYeFPIiteMMIS 0" tAE nBchan cal 4 :
properti es.Qfovbie gl sledoret il eamikBrAcBovdERePt odRAREN SY9EpPDcesses, the
per cent age %{-H?O'Lﬁcﬂ inkhidLPolos et waenhd HAded Br6iGleTheTapper |imit
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i N processin ield and inf.erior product.
It is al schgdranafthy Iv6l by etPLIAAT ?%éhﬁe%%l%o%fﬁngprpg\?gﬁ sgdr]e(r%rfﬁ%ur e
sol i di fi cajdGrRudurbdigg nject icompérasoses apaveupérh| ithe 3n The 3ol i ds
cont ent ogorﬁﬁ%teﬂtbgﬂgﬁ ang- R salikds wombenhe | sempeneredd yedAder st ood to
be the worKing gangaellfogr S5 %{gmﬁegegyalsgqigenerabbm uadeiad oetde 25 t hat
pr acti®cal W}@’cﬁ}tie_ltl Res tecomrend a r ange ;of . B- 109% sqli-ds.f4r Jenicgst i on
mol di ng t Pratdicre@tafERerddc(FE-Y " Fr fi'cles w txﬁj fine.features) and
25-30% f omoBbddd elldsy wivbhch Hixsk sppeTadly Rodeysd te PR <-al"s0 general | y
beli eved thatmedhahisdl ipdspetrisent sshabuvleied08rtiglfost - nol di ng sol uti on
heat-treatment is 30 required to increase the nechanical strength of the

~nmolded article to _acgepta | evel s esThyg Aaaugde tdressnidsdss content of
conveht i oRGFOES M 5?0%%‘%5{1e§l5§%n};?réalel s;sha Ee%pe@qqgggegft@%b%agi nmted to

60% or | OW}t?tﬁh ’-‘Fﬂ' RATER t(h. N%(S'géfs th%(t):nt:g}rlt hggsheljrs usaélllix:-'. kggxgtetng 30% or

| ower. 35 dBUAiREAOPaFRIE PAVENPP

would result  in a degradation in processing yield and an
inferior product. It is ‘also generally believed that the need
20 - to prevent premature solidification during injection imposes an

upper limit on the solids content of 60%.

Although a 5_50% solids content is generally understood to be
-the working rangé for SSIM, it is also generally understood
25 that practical guidelines recommend a range of 5-10% solids for
injection molding thin-walled articles (i.e.. articles with
fine features) and 25-30% for articles with thick walls.
Moreover, it is also generall-y believed that, £for solids
contents above 30%, a post-molding solution heat-treatment is
30 required to increase the mechanical strength of the molded
article to acceptable levels. Thus, although the sclids
content of conventional BSSIM processes genera;ly has been
accepted to be limited to 60% or lower, in practice the solids

content is usually kept to 30% or lower.
35
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Iin view of the limitations of conventional SSIM processes

discussed above, the present invention provides a process for
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In view of the limtations of conventional SSIM processes discussed above,
the present invention provides a process for 2 12 DEC 2006 '
injection-nolding alloys of ultra-high solids contents, in excess of 60%
In particular, the present invention relates to a process for

i nj ection-nol di ng nagnesi um al | oys of solids contents % rﬂﬁcn@ﬁﬁrom 60- 85%
to produce high-quality articles 5 of uniformmcrostructure and | ow
porosity. ifHecwiinbineddihg diljoget i and:d-high- gubldst Yealtenekes iWsi Ng

ultra- PI ghleS_Ql:é?ﬁ s@oNt Qﬂtﬁaﬁﬂ%m% ttlats ;we%ﬁt?%&v@nyﬁﬁl 'r@§§?eeé‘% y thf‘“
conventiona proce d o tao pro uce near ne
shape w t% re%ugbéé Ef ?l %éig%tlcoéluged;lb? SGEPaT T caﬁl(?l}fs ?fo L idsqui ds.

- Accor di ng 8 %fﬁseﬁﬁﬁ%l}rr}?e °Bf 5P R Yrtes ERPINGR dihomalafy frfedisson nol di ng
process i d Gdeéolﬁfh@@re@tsn@fturheaw nipwarpor@sioy. t oTlos estbid iaysewi - sol i d
slurry w tihjectsiohi 851€0ni @iMqubDi tANGENIG1EE Oms aRP AR &Y 40%4k0 75% and

inj ecti ngctaﬂeeraésuraxama;totﬁembgo&lssa vg! O%gy AMCT ehelty L cgmpletely

fill the nol . 4 nesi.u

nol ded ar i cYen mlf“h a Ig\/vprﬁf:g??\ g]llf?/ GFUF Rt g cdespréf erred
enbodi menf*the"FroFE2RS With| sedugechs Wé’*k@par?%ﬂsleﬁ by 20igbfikatibhi ng time of
25 t 019100 oFslighdder di ng t o anot her enbodi ment of .t he present invention, an
injection nolding process includes the steps of.: heating an alloy to

create a %@%rcﬁg i Ci:oS| HLT yenWohtﬂméhtsol)kd% %O ﬁee%tenQS ll;f%nlq{: n(gl from
appr oxi mat.el y 759 B8o% and injecting t nto « tol &at a
vel ocity su?%/l ci enf“OJf y " CotpicEEET y P71 Fhéhenﬁ’F?PS ‘Fﬁfe giqa{synsa S38 nagnesi um

al | oy and3tH pFocesassr (fﬁuéé%l‘sa’lhﬁl gedrar twidhe ani $4iids| ownitpter nal
~ por ositt y. rAsTiswdirg: bopeoxipmebey resd eabei et ihhecdmbdiis shikbed With the
S1urry | n3aco 30 @l 1 Aok 6P Alec28idt 100 Wy AGRQT 4D LR vt anot her
embodi ”en]&noﬂi tti'ﬁepéﬁ%?nﬁ.s' Y 'eg:r.‘um 304 N&CH, ON %Easss l%pprocess I ncl udes
|

the steps_of atin ] oy to create a sem VCGFth a sol i ds
content 35 ARG ﬁ tf‘%&?h‘é %f'&(ﬁﬁﬁtb‘ﬁ?%ﬁ%?%%s% afBeeTiieat Fagthe slurry

preferred embodment the mold is filled with the slurry in a
20 mold-£illing time of 25 to 100 ms.

According to another embodiment of the present invention, an
injection molding process includes the steps of: heating an
Valloy to create a semi-solid slurry with a solids content
25  ranging from approximately 75% to 85%; and injecting the slurry
into a mold at a welocity sufficient to completely £ill the
- mold. The-alloy is a magnesium alloy and the process produces
a molded article with a low intermal porosity. According to a
preferred embodiment the mold is -fil_led with the slurry in a

30 _mold—filling time of 25 to 100 ms.

According to yet another embodiment of the present 1nventlon,
an injection molding process includes the steps of: heatlng an
alloy to_ create a semi-solid slurry with a solids. content
35 ranging from approximately 60% to 85%; and injecting the siurry
into a mold. Preferably, injection the slurry is injected
under non-turbulent flow conditions, although turbulent flow
conditions are also acceptable. The alloy is a magnesium alloy

a.nd‘ the process produces a molded article with a low internal
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ifto a nold. Preferably, injection the slurry is injected under
non-turbul ent flow conditions, although turbulent flow conditions are al so
acceptable. The alloy is a nagnesium alloy and the process produces a

nolded-article with a lowinternal 3 -------- 12 DEC 2006 porosity.
According to a preferred enbodinent the nmold is filled/@pRCEMB.slurry in
a nold-filling tinme of 25 to 100 ns. According to still another enbodi nent

of the present invention, an injection-nolded article is provided, wherein
the articlgrbsify pr oelcmdlibg heata ngredaradd ogmdedimemdattheg mEd -isol id slurry
with a scglﬁgéd IC.,Q&theEEe rs@ﬂﬁfﬁgnf £ ORS BPIFE OXi iRk ey :]E:‘fo%ttsb 1980 mand I I
injecting the slurry in C t onpl etely
(e N0 At ol 1Y ZndMld géﬁﬁofde%% e ¥ns ] ESQE@Q vggm%

to a lled with
the slurryd Hnée‘“rfﬁoa“‘?‘?li%leﬁnﬁ“ﬁcﬂr@ bt 1’25"’”?%‘1 t YRR OVEDS AFESFHR rfﬁ to anot her

enbodi mentprofiutd pr bsaringi avallpynte aweatqjeeeeibrrofdf dddrartvidhe i s :
provi ded, a!\:ﬂﬁflelis theratt irahgihng Epf0ipedxinatheat 60y an ad4,0yaddo create a

sem - sol i HE L V\Ah%hsiéra, %Qthd% %ﬂ&e&! 4 angioRYef rmfaepéwemtel y 75%
i nt o Ida sufficient to

Sk
to 85% and > [ nj ect 10
conpl et el ;FCHPF‘? e Prg}at A@Sﬁcjfﬁdl rfgccord’angpr 8f Bri'et %erﬁ%é)cfl e énf “The mold is
filled witthe meld|igr fylled With|def Flpimginiarmodd- B3 1ling tigs #%.2520
Accor @é ng 0 19etm=anot her enbodi ment of the present invention, an
injection-nolded article is provided, wherein the article is produced by

heating an,allgy.J o d ra%@ftﬁeﬁ é,%ndlﬁgll,{ do§lw x,rwsm iawégu&s Gent ent
rangi ng from approxi é g jnj.ect] ghng ?lclsal uwry into a
nol d underl"tjﬁl‘:gg?’éﬂ'f’ﬁ?dgv%r%ﬁ g tlfoﬁ’s- VlaAin or §MHG Fo A er rred Senbodi nent
the nol d imrodhfed &y WeatHrghan sHiderryte rFrga%lade-‘mﬁ%gdﬁ%rﬁlez%l to 100 ns.
Accor ds ng 4 osyldidsarobter eripgdigreftorof agdrvexprazsdnt 7bhvent 8T, B@& an
i nj ection- fﬂale@e@hgaréuec ls@uiS, Pirdwi dechoruher el nydilae; e téduitecisme pioduced by
heatl ng ancoafr!p gge]!}p fgﬁfaéhee ﬂ\o;sugm }§ézjo'r9n’§d %rx ﬂéﬁ@rred embodiment
" the mold is filled with the slurry in a mold-filling time of 25
_to 100 ms.
20
According to yet another embodiment of the present invention,
an injection-molded article is provided, wherein the article is
-produced by heating an alloy to create a semi-solid slurry with
a solids content ranging from approximately 60% to 85%; and
25 ‘injecting the slurry into a mold under turbulent flow
conditions. According to a preferred embodiment the mold is
filled with the slurry in a mold-filling time of 25 to 100 nms.

According to yet another embodiment of the present_invention,
30 an injection-molded article is provided, wherein the article is
‘ produced by heating an alloy to create a semi-solid slurry with

a solids content ranging from approximately 60% to 85%; and

injecting the slurry into a mold under laminar flow conditions.

According to a preferred embodiment the moid'is filled with the
35  slurry in a mold-filling time of 25 to 100 ms.

According to another embodiment of the present invention., an
injection-molding process includes the steps of: providing

chips of a magnesium-aluminum-zinc alloy; heating the chips to
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'a solids content ranging from approxi mtely 60%to 85% and injecting the
slurry into a nold under lam nar flow conditions. According to a preferred
enbodi ment the mold is filled with the 35 slurry in a nold-filling tine of
25 to 100 nms. According to anot her enbodi nent of the preseqt hF gﬁ@lon

i njection-nolding process includes the steps of: providing'® %
magnesi um al um num zi nc alloy; heating the chips to 9 12 DEC 2006 a
tenperature between a solidus tenperature and a |iquidus tenperature of
the alloy to create a sem-solid slurry with a solids content ranging from
appr oxi rfat EFPPTEHIES SBHRCERd 2 | APéetig e HNEFY 401t 0%a hlvddaf a gate

vel oci t \ecappEoRldcats S0 Lcanpl ebelarehtd!l at RBenmid 1w thipr-a Lipe period of
apprOX|nategg 25 nms. According to still another enbodi nent_of the pr esent
n

i nventi g7t ?hfﬁefldﬁwﬂﬁpﬂln@“ﬁﬁo@@ggmﬁﬂﬁﬁ?t%lnd“théost%hg of™provi di ng
chi ps ofingefragfesiHemsaubpy Nl ianGueakll ay; ahgatd n@aﬂdﬁ:&tghhpﬁrdpﬁlatﬂ.o

tenpgrature l.i dus grature, and _a ul rature of

t he glloy tgm%Légﬁ §l§£ﬁ¥wsg qug OF Py witls erlo &gaEBHf %rghglng from
about 75%% me.about 85% injecting the slurry through a gate portion of a
nold cavity at a gate velocity appropriate to i) configure an injection
flow front in, the mld;15 cayvit that IS, at ) artl | ] r.bul ent and
i) tha?& ?ﬁflcieng&tgnga an |afTe :4e$h %av%tyqbe?ore t he

slurry @@IH@UEPESMrahddd@mspﬂywﬁg phepskumgytaét@tepheoétu@mynhasg been
I nj ect ed.l;pLof he mn@s‘iéﬂ'é%m%ﬁrz%% LRS! WX ih§ Hfk &nif€MpsQlid state

during densification. 20 These and ot her features and advantages will be
appaPenttepperm e  OEEFesH ng? dexdiidpei okemierefaryr efd r el ehisdinent s of

the presefberdniu@NntdOn:heBRIIERyDESCRI-BILON: Oked HE IRAWNGS, 25 The present
invention will be nore readily understood froma detailed description of

the pref@tted %ﬁﬁﬁ&lnﬁﬁ%§“€oﬁ§?ﬂéﬁ§ﬂtlh5 conPaALt | i AW R hETHE % 51F owi ng

fi gur eS.slurry through a gate portion of a mold cavity at a gate velocity

appropriate toc 1} configure an injection flew front in the mold

15 cavity that is at least partially turbulent and ii) that is

sufficient to substantially £ill the mold cavity before the

slurry solidifies; and densifying the slurry after the slurry has

been injected into the mold cavity, wherein the slurry is in a

‘ semi-solid state during densification.

20

These and other features and advantages will be apparent from the

following description of the preferred embodiments of the present

invention.
BRIEF DESCRIPTION OF THE DRAWINGS

25 The present invention will be more readily understood from a
detailed description of the preferred embodiments considered in

conjunction with the following figures.

FIG. 1 schematically shows an injection-molding apparatus used in

an embodiment of the present invention:;



FIG 1 schematically shows an injection-nolding apparatus used in an

enbodi nent of the present invention; 5 ---------- ----oo--- - - -
------------ 12 DEC 2006 FIG 2 is a chart showi ng a tenperature

di stribution along a barrel portion of the injection-noldi gﬁg%p", @tus of
FIG 1 during processing; FIG 3 is a cross-sectional viewsS ?58 details
of an injection- nolded article; FIG 4a is a plan-view diagramof a clutch
housi ng nol ded according to an enbodi nent of the present invention, and
FIG 4b _is a perspective view of a nolded clutch housing; FIG 5 shows an
X-ray diffffractith pafberh sFodmdart i cPweFsraed 1ot HEUSHER ngLeRr ad

enbodi mentrrel thetpsesert dHwentioniohl&S.qiba afwhbbhtrase gptital 1

m crographs_showing the mcrostructure of an article nolded according to
an errbodjl?lr‘féﬁ‘fI %Ifocegﬁén%r esent invention; BA ---------ooon oo 12 DEC
2006 FI'G 7 shows a graph of the distribution of primary-solid particles
as a fumati.on 0f dickbases=dionnl helssushacenpideanilardfi aheimpddadnaccor di ng
to ap ent())qgi (_ﬁnrtti%t_L the present invention; 5 FIG 8 shows a graph of the
si ze di strrbution“of primary-solid particles as a function of particle
dianeter; and FIG 9 shows a graph relating the fraction of solids in a 10
magnesi wncal | oy as a f phattwrwofdimper aifur e. ObLEAhLERUBSESECRISIBEN OF THE
PREFERR S)._Fi g. schemnti cal Ly. shows .an_i nj ectian-nol di ng
appar at ESQC%%/E@%I\%SN@% %%E%Cglrn}‘eé}:mggs% cr%gre Fnlgmfeélttlﬁlé’ p%necgeﬂrﬁg'i g%enti on.
The appar at persk@chave avilgar pél 2 portdednc 2z o hdusgirdi;aneter d of 70 nm and a
|l ength 1 of approximately 2 m A tenperature profile of the barrel portion

12 is n%&@ta%n%ﬂogy §$e£1fifxﬂif%§§£§£éyuﬁ%ttern of an article molded

10  according to an embodiment of the present invention;

FIGS. 6a and 6b are optical micrographs showing the
microstructure c¢f an article molded according to an embodiment of

the present invention;
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heaters 14 grouped into independently controlled zones along 20 the barrel
portion 12, including along a barrel head portion 12a and a nozzle portion
16. According to a preferred enbodinent, the apparatus 10 is a Husky"
TXMB00- M70 system Solid chips of alloy nmaterial -are supplied to the 25

i hj ecti on-nol di ng apparatus 10 through a feeder portion 18.DECTBMGal | oy
chi ps may be produced by any known technique, including nmechanical

chi pping. The size of the chips is approximately 1-3 mm and generally is

- no larger than 10 mm A rotary drive porti.on 20-turns_a retractable screw
portion 2F %% 7305}f‘?w§nsapo?’fapi?he°gl P@)ey ?rlé‘cfterrllgléﬁ:mé’l o%gg ?ﬁlemabré’r ?‘gfl%orti on 12.
In a pref erarsdcembort nenfuncdigggRés iRt 0fIPR FRPeEVTRTE R U, The
alloy i s artAd94 Dmaléey, antdddimgnotm nak eobogioenti orf ofhd. pHedént 0. 75% Zn,
0.3% M, G QL% 8in. 0.01% Cu, 35 0.001% N, 0.001 Fe, and the bal ance being
My (also referred to herein as MJ-9%Al-1%n). It shoul d be understood,
howevet, that the present invention is not |limted to the SSIM of
magnesi umElG-ofsshrits PsIEARD C4ppPT cHFPeItYTIRE MDY 6t REY™2 3 F8Y i ncl udi ng
- Al al | oys.pé6ti218FE@s280BimncThen rdabersicls fisgetehe agdl oy material to
transformit into a sem-solid slurry, which is injected through the
nozzl e pordon 4 1§44t q %@hd 24aciie hgatghsedd are sanlasoliked, by 5
m croprocessors. (not _shown ro nannqﬂ to establish a tenperature
di st r Fbut iAFORFEIT R RE ﬁ?a?rg‘l‘n‘%d?f’i% EEBPERAE T produces an unnel ted
“(solid) fraction greater than 60% According to a preferred enbodinent,
t he tenper at ur eRERRISER IRSCRIATY e AT REP+ RPN S of 75-858. Fig.
2 10 shows an exanple of a tenperature distribution in the barrel portion

12 Tor achi v ng AROIRILLEY Chaed | 81 iqifjeéé;n&g%%gnga pphf2dE ald oy. Mt on

n
D

: L
of the screﬁ%portlon to convey an 15n§_u yuPA non-return
val ve!2 prffdht-e PREFUPUPPIM 13 NS M AT TRECRIAr BV 8™t he™ar r el
portion l2emharehgs Lonpestd arrel portion 12 with a diameter d of 70 mm
‘and a length 1 of approximately 2 m. A temperature profile of

" the barrel portion 12 is maintained by electrical resistance

heaters 14 grouped into independently controlled zones along

"20 - the barrel portion 12, including along a barrel head portion

7 12a and a nozzle portion 16. Bccording to a preferred
embodiment, the apparatus 10 is a Husky TXM500-M70 system.

Solid «chips of alloy material are supplied to the
25 injection-molding apparatus 10 through a feeder portion 18.
The alloy chips may be produced by any known  technique,
* including mechanical chipping. The size of the chips is
approximately 1-3 mm and generally is no larger than 10 mm. A
rotary drive portion 20 turns a retractable screw portion 22 to

30 transport the alloy material along the barrel portidn 12.

Iin a preferred embodiment, a magnesium alloy is injection
molded. The alloy is an Az91D alloy, with a nominal
composition of 8.5% Al, 0.75% Zn, 0.3% Mpn, 0.01% Si, 0.01% Cu,

35 "0.001% Ni, 0.001 Fe, and the balance being Mg (also referred to
herein as Mg-9%Al-1%Zn). It should be undexrstood, however,
that the present invention is not limited to the SSIM of
magnesium alloys but is also applicable to SSIM of other
alloys, including Al alloys.




~The internal portions of the apparatus 10 are kept in an 20 inert-gas
anbient to prevent oxidation of the alloy material. An exanple of a
suitable inert gas is argon. The inert gas is introduced via the feeder 18
into the apparatus 10 and displaces any air inside. This creates a
positive pressure of inert gas within the apparatus 10y g/\@jgglvzplggrevents t he
back-flow 25 of air. Additionally, a plug of solid alloy, which is forned
in the nozzle portion 16 after each shot of alloy is nolded, prevents air
fromentering the apparatus 10 through the nozzle portion 16 after

i nj ecti on.ThF¥hBHI%GS E% BSielFrEdc Wtan "R ek 0 SRS faF™al t olrtics & nj ect ed
and i s capeuierbliid alwpruewipiodt i80njpored dhrofigh rbemdztl24poxtiisnussed

bel ow, aBdGSUQﬁﬁquentd@lai recycl ethe | Reptaact i cg, ddae @&{t%Wlli?él.Qitikf}E_ 22 }s

r ot at : rive p n spprt e.al.loy chips from
t he fg’gde%ig%rrf%g?%\%%’ t hlnoﬁ;ea%%é‘l'@ar rz%gg%ﬁ\?%n % %%eabtaléﬁ%er dture

di stri but i*6HPF*HE lSIéFF’é’Fb‘ﬁdP?i At | PGPS InRPESDr dduddata

semi -sol | @rsfuAesy Shotwmelhed SEGPEEY cémpentorgr gaewrert hihan 608%%-The

rotati on ekcédhiringcr ew poati epe@Frddr i egbédiarapor t thaeckhamnbedadtyren xes t he
slurry she st WhuGhos ! SRS es NERIunel €85 fradtion of 75-85¢ .7 - ri42 PEC 20DD as
di scugsed el ow, The shurry shggm |esat'guq:<=én tig?plskpu ritgd. t reoqg%tge barr el
head portion 123 to the nozzle portion 16 SF M wAT ch™ t B STAFEY shot i s

i nj ected PRTO*Thé?mbP TAEV-"0a0arewtERt Bracthen F dw pot tisnap2 by drive
portion 28235 @ldevthe slurry shot has been injected, the rotary drive
portion 20 rotates the screw portion 22 and the transport of alloy chips
for Ithe n@ﬂs_&ai&bg%f ba?é NSerdS 5%9%&9][1@41 Q&%}leﬁo t &hve gla'hﬁ Rhyg tglgr”?d ?t the
nozz por. after e 0 . Qy s ed prevents air from
ent erlﬁng tsElép%pipar a{’uglofogg%% evailﬁrg rrl‘gl %rﬂgrlltss og%eneﬁqf'gr’fe 57€ the nol ded
article. TABSSOTEr y PAFFAFSor tPth 28 s PREFRY 0IRBEEY aldi HBpP8cessor

(not showdpiprtdgrammed to reproduci bly transport each shot

The intermal portions of the apparatus 10 are kept in an
20 inert-gas ambient to prevent oxidation of the alloy material.-
An example of a suitable inert gaé is argon. The inert gas is
introduced wia the féeder 18 into the apparatus 10 and
displaces.any air inside. This creates a positive pressure of
inert gas within the apparatus 10, which prevents the back-flow
25 of ailr. Additionally, a plug of solid alleoy, which is formed
in the nozzle portion 16 after each shot of alloy is molded,
prevents air from entering the apparatus 10 through the nozzle
portion 16 after injection. The plug is expelled when the next
7 shot of alloy is injected and is captured in a sprue post
300 ‘portion of the mold 24, discussed below, and subsequently
recycled.

In practice, the screw portion 22 is rotated by the rotary
drive portion 20 to transport the alloy chips from the feeder
i5 18 into the heated barrel portion 12, the temperature
distribution in the barrel portion 12 is maintained to produce
a semi-solid slurry shot with a solids content greater than
60%. The rotation of the screw portion 22 during transport
mechanically mixes the slurry shot, which creates shear forces,

i



15 through the barrel portion 12 at a set velocity, so that the residence
time of each shot in the different tenperature zones of the barrel portion
12 is precisely controlled, thus reproducibly controlling the solids
content of each shot. 20 The nold 24 is a die-clanmp type nold, although
other types of nolds nay be used. As shown in Fig. 1, a) BipECciEsp portion
30 clanps two sections 24a, 24b of the nold 24 together The applied
clamp force is dependent on the size of the article to be nplded, and

ranges fram | @ssushaa i;gﬂomtri'ﬂ}é Ofifurlr® Qwer 2% 1600 nefdddpokeas. For a
standard clyt.¢ h%SIb@tglt é’:‘?éa%?'é&étlgﬁd?zabx dicgeCA514NI ,po%t%zgni’sforce of

500 netric_ton | an-vi ew di agram o clutch

housi ng 425598 ¢&4ch Sﬁ)heac@d‘lrdﬁyn ‘g“PS tlﬁelﬁ?eé’stgﬁt 1phe eFRS o’i‘\c’l%m%i‘1 F'P3g 4b shows
a perspecdveacenay of talerre@d@d pertiet @2 Tharévetmhrthousithg 42 is a useful
structare for exam ning and assessing SSI M processes, because it has both

thi ck-val lgdr i B,c5ec1f00S facanda vl ,.ae@etts@ Lot éasgtg,oe 46, 35 Fig. 3

isS a cross- sectlo vi ew showi n ortlons uni't orned by the

nol d.24. ARECABR deY IEREST | PRt IEEYs PO R0 ‘ED SPEPSPRES ot d 24. A
sprue portdlday3ghins fposihe ored @Woéaet?é“% heAﬁdﬁ’ItéOp@i tahsiyel6tled t he
appar at us sdid Bldg Zobiméd 200G heandz: e Ipdtiesort N6 apter qaast spoetteédON 32,

di scussed abgye;sandida réi@z@%ﬁtijoéif 0&0316 entB8iJUNIRS RRRLLALS 3 ext ends to

a gate portion 38 O\r{\g ghi;interfaces a | grt h%olrmtjﬁgr& 40, cq;respondl ng to

the nol ded arti El'e i‘nt ere rlngrmclt fug Fom 5 the

previ ous shot is expelled and caught in the sprue post portion 32- The

al l oy sl urthe trheary Frimg eeextionni28 thecayprobledodrt pomiSdrmedestans t hr ough

t he runner (mar tstem 86 ppagtantied tgat tefrobtdimy3&raBeyand &den gake: porti on

38, the altzﬁaéuétluatsy palkk@WSpdALiQnt A8 RErd AT LkoB-AY,T Qb t;ﬂﬁt agfd cle to be

rTDl ded 101'91;@ ence q:llztlé éts e%cgheggtedlnart]:getél%fglnlen tsellitllpléII:: ture I nlll ect ed I nto
of the barrel portion 12 1is precisely controlled, thus

reproducibly contreolling the solids content of each shot.
R hY

20 - The mold 24 is a die-clamp type mold, although other types of

- molds may be used. As shown in Fig. 1, a die clamp portion 30

clamps two sections 24a, 24b of the mold 24 together. The

applied clamp force is dependent on the size of the article to

be molded, and ranges from less than 100 metric tons to over

25 1600 metric tons. For a standard clutch housing, typically

made by die casting, a clamp force of 500 metric toms is
applied.

F:l.g 4a is a plan-view diagram of a clutch housing 42 molded
30 according to the present invention, and Fig. 4b shows a
perspective view of a molded article. The clutch housing 42 is
a useful structure for examining and assessing SSIM processes,
because it has - both thick-walled rib sections 44 and a -
thin-walled plat:e section 45.
35 | :
Fig. 3 is a cross-sectional view showing portions of a molded
unit £formed by the mold 24. The molded unit illustrates
various portions of the meld 24. A sprue portion 34 is

positioned opposite the nozzle portion 16 of the apparatus 10,

8




the nmold 24 at a screw velocity ranging fromabout 0.5-5.0 m's. Typically,

the injection pressure is of the order of 25 kpsi. According to an

enbodi ment of the present invention, nolding 15 occurs at a screw velocity

approximately ranging fromO0.7 ms to 2.8 nis. Accordi Q% ég g her

enbodi ment of the present invention, nolding occurs at ¢ vel ocity

approximately ranging from1l.0 mls to 1.5 nmls. According to yet another

. enbodi ment %f i hledore§ent i nvention, nplding occurs at a screw 20 velocity

“appr oxi mat&y PR SRFIS P9Hs PPEEOT 347 sdiscageed diteyet nst Al | anot her

embodi mentTushex heeiiesent - | nfant Fomer mordiary 3ceutsndd @ SCrewevel ocity

appr oxi mateelry israrngi nghifchomt&hfAc s bar?. forthon ACCOrRPnlfhy/ @b anot her

enbodi mentey@f wbhiea REESAR! oF NUANRLLOP, fﬂa&%gqﬂ&%ﬁﬁé\? Ak alﬁg”f‘%"g vel oci ty

25 appy oxiat %I Y. I angi @gtf rom 2. 5.{%5 %ngl 3.0 m's, Atypi ta _cycf“e time per

shot is 2575, Bat TRy BE et endpat fEH98C A gERe SRIVGC iRy

(nol d- fi | FeRGISRe3dci t Yie raldgy nglyromthappioxintetedd inBot th&Gpmlis i S

cal cul at edofrbiont het radgeiofs sthuawgB0 thel ewirddre HoBNdn 03Ehaaiovge Accor di ng

tl 8 (r)n?e ermadi BsYti oSN BEyRer ftareng&@tpoatsgé@ %_aYeLQ&;atﬁo)Qle%QQ{éOXi mat.el y
S. [ I o} nt i.s per.forned at gate

vel ocj ty ?f:lg‘gépgrnggi %1% g?% %%rﬁ?é@? %cggf i5g° ‘::\)éj‘i}gt E‘érﬁﬁ fatdenbodi nent ,

SSIMTs perforned at a gate velocity of 35 approximately 30 nis. According

to still Zhetweld éAbbdlinreheatedSshf e péibprsindratia iggbecarliaebt y of

appr oxi matekymodi@ o sat aAseaidivabodi®yarfiahgr fesh enbedignent .o LM i s

performedtgbi@119at ene/ 86kt ¥orOfhraPRLLQxi;xat el : ording to anot her
9 - - e omefime e - ng ----D--fp-r' ------- 1% %lgsb%f%goe%o Rent, SSIMis

p_erfo]{sned:é‘tzoiadlggﬁt &°vel ot Of BF2C aBbr 55 RICEFYE 6’(‘)“?’r?f’_§.i°“|’hé“°t¥ﬁliﬂlgfi I1ing
time, or CFRE T & & SAOYY oFF ' PREMAIAEY¥IERYY Tngdngi from Re7nold, is |ess
than 100 8 RO%1m&y. ARording to awmvthenbembaEntnof ot hmepresesatt i nventi on,
the nol d- fibbéntrignt | melding appRuoxi BBt @l cBOwMhe1AGEQ" Abpan:LigaaBn} her
enbodi !"‘en'ﬁraﬁéiﬁgh&roar esenhy 4 nyent ipn,, & he i@ogaixllg} léon%(ettl EBolRer
appr QXl rm‘te%gdi%ént of the present invention, molding occurs at a screw
20 - velocity approximately ranging from 1.5 m/s to 2.0 m/s.
According to still_another embod'imeﬁt of the present invention,
molding occcurs at ‘a screw velocity approximately ranging from
2.0 m/s to 2.5 m/s. BAccording to yvet another embodiment of the
present invention, moldirig occurs at a screw velocity
25 approximately ranging from 2.5 m/s to 3.0 m/s.

A typical cycle time per shot is 25 s, but may be extended ﬁp

to 100 s. ‘A gate velocity (mold-filling velocity) ranging from
) approximately 10 to 60 m/s is calculated for the range of screw
30 velocities mentioned above. According to one embodiment, SS5IM
is performed at a gate wvelocity of approximately 10 m/s.
According to -another ewmbodiment, SSIM is performed at a gate
velocity of approximately 20 m/s. According to vyet another
embodiment, SSIM is performed at a gate velocity of
35 approximately 30 m/s. According to still another embodiment,
55IM is performed at a gate velocity of approximately 40 m/s.
According to a preferred embodiment, SSIM is performed at a
gate velocity of approximately 50 m/s. According to another




.ns.- Preferably, the fhold-filling tine is approxinmately 25 to 30 10 #s.
After the nold 24 is filled with the slurry, the slurry undergoes a final
‘densification, in which pressure is applied to the slurry for a short

period of tinme, typically less than 15 10 ns, before the nolded article is

renoved fromthe nold 24. The final densification is beJ! geq/ﬁd q(gﬁ reduce
the internal porosity of the nolded article. A short nol 4-1i ? g tine
ensures that the slurry has not solidified, which would prevent a

successf ul efibstmedensi $smat iien. p2@edfddacl @s t hat guese 44 L£Ghki,0n pol ded
under di f f gpent;pondit ggng/s enconpassed in the present invention were.
exam ned using an optical m croscope equipped wth a quantitative inage
anal yzer. The exam ned parts also include sprues and runners. Sanples 25
wer e poli sFe’l ®ulehfBligredranondrpasre fol kowbkdt byf ahki alsht ngurpel | sh usi ng
col | oi dal &b ufiildathd moddders hess exrpal 16has cONt ast Debwesh; MRSt ruct ur al
features ofmidd@me@ b€ Shel Rl |i§1bggti%5{r.f@ﬁgsmcyﬁr_g%ffi%hecé.l na_ 1%

sol ution o;p 0&546*‘9*‘&81?/' d in et Q%ggcli. I nt ernal _porosity s ‘détef i ned by
the Archinedes 30° methad, “Wii A°rs s 1 BEFPRE ASTIEPEDE 9oL Fohe sel ect ed
sanpl es, PHEFE LoMPBE T8N WAS BRIfArifAedingy Dimeay sdiepbroximaonaly ugs ng Cux.
radi ati on. rFalfrefardhlyt stipakmobdaftidd inplwnki 14 iapgrebiamasteristiccso at 35
various i npection velocities of the screw portion 22. The 1listed
characteristics were determ ned according to the follow ng rel ationship:

Vg - Vs ( S, (Eqgn.. 1) _.4Q where V. is gate velocity, V. is the screw
‘vel ocity, stelgps l'§1ee(:lmfl 12% bﬁc%g%i -t s FRRctSBREY - aFlee Gfurhie screw,

and Sg is tHETEPYSS? sEdrlofarsifiieat in.t e yaiah PEkeswa disl apbdhsi assume a
gate area ®uf R221s5um® famdaasi@YpetidsTicEneymedf dyB@caR- neLYr Bhaval ve 26. 5
is5 10 ms, before the molded article is removed from the mold 24,
The f{inal densification is believed to reduce the internal
porosity of the molded article. A short mold-filling time
ensures that the slurry has not solidified, which would prevent
a successful final densification.
20 i |
Articles that were injection molded under different conditions
encompassed in the present invention were ;axamined using an
optical microscope equipped with a quantitative image analyzer.
The examined parts also include sprues and runners. Samples
25 were polished with 3 um diamond paste followed by a .finishing'
polish using colloidal alumina. In order to reveai the
contrast between microstructural features of the samples, the
polished surfaces were etched in a 1% solution of nitric acid
‘in ethanol. Internal porosity was determined by the Archimedas
30 method, which is described in ASTM D792-9. .For selected
samples, _phase' composition was examined by X~-ray difffaction
using Cug, radiation.

Table 1 1lists calculated mold-filling characteristics at

35 various injection welocities of the screw portion 22. The
listed characteristics were determined according to thé
following relationship:

Vg = Vs {Ss/Sq), . (Eqn. 1)

40 where V, is gate velocity, Vs is the screw velocity, S§; is the 7
i 10



Table 1. Calculated Ml d-Filling-Characteristics Screw Velocity (ms) Gate
Velocity (m's) Mld Cavity Filling Tine (s) 2.8 48.65 0.025 1.4 24.32
0.050 .0.7 12.16 0.100 It is well established that sem - soI [ d slurries
exhibit both solid-like and liquid-Iike behavior. As a soI i.d-1ike material,
such slurries possess structural integrity; as a liquid-1li lgeD @L@ OBat eri al ,
-they flowwith relative ease. It is generally desirable to have such
slurries f¢idssgsaptipnedvatep ph the barmewnarad |[Jwismmeer, thus avoi ding
\%r o?]i ty ceamsedsbycigasesardar a3ppa bhrd! PeTﬁé waaxuﬂmioﬂg £é§19rlé| Snlt f'(EW
ichis o r t £ materi a am nar
flow 15 i sgi%m\érg%? ydfﬂrgl%réstg%o%ngg!‘glgd%t%hépﬁcrlga i negf#‘? MW of 5\ scous,
i ncorrpress'l"?bllvﬁ fFPuid, in whi ch fluid particles travel along well _defi ned
separate |ines; and turbul ent flowis comonly wunderstood to be fluid flow
in which ftanid par taaal:esatezmhnma-mlmmbotrhm&dtalaléu?& I n contrast to

‘convent i oal—wsdonT—the—exanptes—discussed—below-nAdi-cate—that i nj ecti on
under | ani|n@FE APEEN RS os Fase Vebteiey im/Etal | t dokcrvin Aigliwaghy qual ity
nol ded artjiicles having a low internal porosity. |nsteadis)a critical factor

affecting {25 the sugcess of jan ul trgg hi gh-solifds-contgn,.SSI M process is
the gate {vel oci ty, gurl ng i ecti onzq\%'n ch affects the motd=-fitting tine.

h . A - " : 50
That is, i TsTmportant that—ttenord cavity pe fi—H-Eef by—the—sl urry

V\h'le the <l Y-\ iC7 in o cdr cnlimésnfn in order %t®0avoi d i 'lcorrpl ete

DT UT y — 9 CELILIL Tt o oTTT
nol ding of _articles caused by 30 premature solidification. A suitably fast
nol d-filliHy 5 ML inEF 1R 16BRQi PR P Aoth g Fduerkesyexbibboresby to
i ncrease t¥rdidctits agechicmndtlideehelsfviche dat e. sdliall xDbEt2008, | n or der
to assess dumb fsdasiiid idogsefs SSlMcelirsl Uintegsinf; 44 ta asbl.gh-sQld ds

cont eng s (d\dle@%&ﬁsstﬂéy 6626angd; ¢ etelallY ecase. It is generally

desirable to have such slurries f£ill a mold cavity in a

. laminar-flow manner, thus avoiding porosity caused by gases
trapped in the slurry during turbulent flow, which is observed
in articles molded from fully liquid material. {(Laminar flow

15 is commonly understood to be the streamline flow of a viscous,
incompressible f£fluid, in which fluid particles travel along
well-defined separate lines; and turbulent flow is commoenly
understood to be fluid flow in which fluid particles exhibit
random motion.}

20
In contrast to conventional wisdom, ther examples discussed
below indicate that injection under laminar-flow conditions is
not critical to achieving high-quality molded articles having a
low intermal porosity.' Instead, a critical factor affecting

25 the success of.an ultra-high-solids—content SSIM process is the
gate velocity during injection, which affects the mold-filling
time. That_is, it is important that the mold cavity be filled
by the slurry while the slurry is in a semi-solid state, in
order to aveid incomplete molding of articles caused by

30 premature solidification. A suitably fast mold-filling time
may be obtained by modifying the gate geometry to increase the
cross-sectional area of the gaté. 7
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ranging from75%to 85%, the clutch housing shown in Figs. 4a and 4b was
injection.nolded froman AZ91D alloy. SSIMwas 5 perforned using the
‘paraneters of Table 1. - EXAMPLE 1 Approxi mtely 580 g of AZ91D all oy was
required to fill a nold cavity for nolding the clutch housing. The article
itself contains approximtely 487 g of material, and th oS U6pd O and
runner contain approximately 93 g. For injection at a screw velocity of
2.8 ms (gate velocity of 48.65 mls and nmold-filling time of 25 ns) ,

~conpact parts vvere roduced aV| h sur e-qualjt nd _precise
di mensi on&® B fart af‘ﬁﬁssfl glﬂ d %avs:cﬁgl %;r f|'<'§1L¥ff%nj egtlon) it

was reveahberatbighatokidst rﬂ°§t§’é‘|‘=%vxﬂfel%‘iﬁet3§ PRe 5Pt 0P r BREEHEPLKe al | oy
slurry wagndiwgbelent7zssUpexgeaot edhy , cldeshifamstthe shempulien®igs.t ke i nter nal

porosity g,ﬁ the Lyg ! ynjrgaltg&qi :R@fée%i (ffranI ahnh@@i[ﬂ ahovhad gimacegpt ably | ow
val ue of % discussed in el ow. The results of this

%
- exanpPe SH‘BWO(‘H‘&E% usiad) oy pfﬁala%te[rs Om(?ltg’ filling tine is sufficiently fast

to achieve full injection while the slurry is still sem -solid, SSIM of
slurri es gkanditer a- haghrsdhhtslc G#0ent ot ALME atlbd mespredeieed kpgh-quality
mol ded ar i ¢f &, %Smo@aeaavuepefozt 1 Dur@NEnd |QWe ek 0 LHPNS ThaSaAXAVELE 2 Under

the same Con%f‘n;c N8 3% ag;gé@x éehg%m%téf FarB020 COUEL L deftubhe screw

velocity s corr a gate vel ocl ms and a

mol d-10i | | PRY FRFRSTOICOBERHE, aPFp‘iDé‘ﬁ’a?"cﬁlé’ | i fl%%ﬁl’d%eﬁlté%n?‘éd the all oy
slurry frenr80 calphier eby £2i. Bl g tlbatepvelasdwit pf Hiebaeirght 288 t he nol ded
article was1@0¥mefnd haket die 2Buht y, Rohbed: antt<lverofpiodaepl chavingThe
mejority gof ,the E@facleegmﬁr:l.@?s aMaspfaund kondfishtuat 8d ahreddigyouter edges

" of the arti ﬂfﬁf‘ hpart!Lgll cav:.tyl Q%agéla}%hglggglﬁgonqavkgngivggegg’e&hat t he

flowfrontf Foved i'n conp ut still was

non- u¥i f otRfarRF r'foSc%ﬁF&iweY‘é ?F"tP’aﬁ]i‘%aﬁlowT QL & e *Bfdent in
't hi n-wal | e@dsr agichbntent .whe Vaekpraiedly owspERYies iRV ﬁ'gﬂ?qflt?ﬁf:?hl &ker regions
sol i di fi edntéRshianblyspfvt erf oviat Ealingndldednphtksurfudde intendpett edl Y,

despite tBﬁdr%gu%kkgﬂuhﬁyiQEQUWQQQQ okhQ b0t egNals PAIRSEt YnOfore
detail below. The results of this example show that, as long
20 as the mold-filling time is sufficiently fast to achieve full
injection while the slurry is still semi-solid, SSIM of
slurries of ultra-high solids content can be used to produce
high-quality 'molded articles, even under tﬁrbulent—flow

‘conditions.

25

EXAMPLE 2 Under the same conditions as Example 1, but with a
50% reduction in the screw velccity (1.4 m/s), corresponding to
a gate velocity of 24.32 m/s and a mold-filling time of 50 ms,
‘ premature solidification prevented the alloy slurry from
30 completely filling_the mold cavity. The weight of the molded
article was 90% of that the fully molded article of Examﬁle 1.
The majority of the unfilled areas was found to be situated at
the outer edges of the article. A partial filling of the mold
cavity revealed that the flow front improved in comparison with
35 that of Example 1, but still was non-uniform and not completely
laminar. This is especially evident in thin-walled regions,
where local flow fronts moving from thicker regions solidified
instantly after contacting the mold surface. Unexpectedly,
despite the reduction in turbulence, the intermal porosity of

12




SENACMY

12 1 2 DEC 2008 fully nolded parts was higher than that measured for
Exanpl e 1, ~and had an unacceptably high value of 5.3% The results of
this exanple show that, for SSIM of slurries of ultra-high solids
contents, a reduction in gate velocity reduces the 5 anount of turbul ence
inthe flow of the slurry during injection, but was i nsu? DESi #BR to
produce a fully nolded article of precise dinensions. Further, the reduced
gate vel ogity hERiHSt i Inegrease | orosity.. 10 MPLE 3 A further
reducti onggd%&% sgr egvg:\:/&el W%ny%ggoglgﬁn{n'ggt (mgeg lé“y‘?vdel%(%iﬁ%(’SA?"“B’ ©1> 16 m's and
mol d-fillifg tiie 0f “100 M eRIPR 8Fen-1%ess Tl eRglet ehe nol d
cavi ty thatPisn e*Eeekp| show  Ghpe . nflcde $SaMt 06| elwerigisedb334.t3aghigh
correspondsdigdst eonéhiaf, theréakdtiocnonpacdatadr tvaabei ©f EXAMYse dhe A partial
15 filbi ngafunt heosokdricaMinty rayeahed thay the flow front in all regions,
i ncl uding $hin:walled regions v%s relativel y uniform a8d PaRd%ar. The

' FRRETICEBRE SEP MPTRTUGE (A r FRLLDf meddsda- hi gh

results of this eXanple ShHow 1 ]
sol i ds corft¥nfse &fr dEtTONIHIFNFaras - velByaithyr t oty odebeedangatar - f | ow
condi t i onsveAasifngaftltident dm i20rproaducepardstityy nol ded article of precise
di rensions. The internal porosity of partially filled articles, however,

had an; exdapkt ¥ | QW Makhue aul 12 opgistent wi.th injection under
| ami na?-f_lpw condi t | nu\s‘{cE Hauteddd Pﬁ% Fe - Wei 'ghesi ot Phd- hdlded parts

. 25 A su ry.o
for Exanpl €871 FIN6G9n°3 15 % \?ggﬂlaﬁdﬂ%déf%li?‘ﬁet\?\%?g?ﬁ ¥ mshe article
i tsel f is gEYtiPhsimerremslesre £btkinoneifghthef orolthecaatty cltBanWithh sprue and
runner. 1Fxa#pDEC.2008e fable 2rthbl«edkiirigsa. Mg Valli-ouspS6iey Vel ocities
Screw vel aei trys Tof adneVWeu@iy AddackeaMéi gt o (R5) g%_ (9 YLl 1njection
2.8 582 4&%ﬂ.§ing}:l&|fl tllaéljn’t:ocihl Qijglty‘l r'evéa218ed4%§ét3 thguﬁ ow I;:IL'eCt?'on 1] 7 381 334.3

ont in all
regions, including thin-walled regions, was relatively uniform
and laminar. The results of this example show that, for 58IM
of slurries of ultra-high solids contents, a reduction in gate
velocity to produce laminar-flow conditions was insufficient to
20 produce a 'fully molded article of precise dimensions. The
internal porosity of partially filled articles, however, had an

extremely low wvalue of 1.7%, consistent -with injection under
laminar-flow conditions.

25 A summary of the weights of the molded parts for Examples 1
through 3 is given in Table 2, The weight £for the article

itself‘ is given as well as the total weight for the article
with sprue and runner.
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‘Parti al

In'

2.8 308 177.8 Partial

I n'

1.4 263 172.9 Partial |

nj. 0.7

268 183.6 A.sunnary of the porosities of the sanples from Exanples 1

through 3 is shown in Table 3. The internal

porosity was

neasure

d by the

Archi medes net hod, which revealed significant 5 porosity differences

"bet ween the sanpl es.
of the sprue and runner are
Vel ocities ScreM/VbIocity Article Porosity Sprue/ Runner

The porosity of the
| isted. Table 3. Porosity Af

article

itself

he
\Bir G 3008
(ms) M

%nd t

porosity
Screw
Porosity

14

Ful |11 e6l0n 2: 8,@ndudt 1okl by WLACLE OBrlevEr b 8eLs Full T ection 0.7
1.7 0.2 Partra i 2.6 Partial In. 1.4 17.4 7.7 Partial Inj.
0
under ful|-1 nj ect §Lt CondiFIonE ™ dor Svar ity | of o8 wteh (bare ™ o
‘velocity @f- 48 65 ms) | This @&lye | stsuffi-dfbnt-y—tow—téZlbe—wi-thin the
accept ance rhiznidjedfiod ndustry standards and_i562 an umexpegﬁaﬁ_[esglt,
because the fil pw.frgnpt of the,alloy 15 slurryswas deternmsngd to be
turbulentz 93 uLspugsed above. Tur bulfence KN usually_asggghated mqth an
I Nncrease | Y5 md—to-be—sTgm{ficant for articles
nol ded at {iPhitdel Fmt. ocHty-2-frhus—the—porbtity—eieated’al—intearnedi ate
st ages of |theigokdi.filling pracess was ' '
densi fi cat|i;Qn ;. 14ny.- ety vk At . 9| y, a
reduct i on b-p-serewveloti-ty—to—1+—4+ts \gatc vet-oci-ty—of—24-32 s and
mol d-filli ggs&rﬁz&‘yof f5thE)po§é’§{5t§gs aps thOCELEASKs Mtraht Echfpier q5| ty to
over 5% Wy.CHohS3080°T8bLY sROYADM 1 AGHEPLABGah' PobosidY Sudd NI NG
measured by the Archimedes method, which revealed significant
5 porosity differences between the samples. The porosity of the
article itself and the porosity of the sprue and runner are
“1listed. )
Table 3. Porosity At Various Screw Velocities
Screw Velocity Article Porasity Sprue/Ranner
{m/s) (%) Porosity (%}
Full Injection 2.8 2.3 4.6
Full Injection 1.4 5.3 6.1
Full Injection 0.7 1.7 0.2
| partial Tnj. 2.8 7.4 2.6
Partial Inj. 1.4 17.4 7.7
Partial Inj. 0.7 1.1 4.0
10 An article porosity of 2.3% was obszserved for articles molded
under full-injection conditions at a screw velocity of 2.8 m/s
{gate velocity of 48.65 m/s). This value is sufficiently low
to be within the acceptance limit of industry standards and is
an unexpeéted result, because the flow front of the alloy
15 slurry was determined to be turbulent, as discussed above.
Turbulence is.usually associated with an increase in porosity,
but was not found to be significant for articles molded at this
gate velocity. Thus, the porosity created at intermediate
stages of the mold filling process was removed during final
20 densification. 7




5 porosity created at internedi ate stages of the nold filling process
cannot be reduced, because the slurry solidifies before final
densification can occur. A further reduction in screw velocity to 0.7 nis

(gate velocity of 12.16 mis and nold-filling time of 10 2\:@% b ulted in a
very low article 10 porosity of 1.7% which is consisten ?1 m nar
flow-fronts, as nentioned above. The sprue and runner porosity exhibited

t he sane gé‘ﬁ’@?rals-l{lqﬂerhd 2 gedepeiqr tinclsexporasiotytyneeri falld /s njgaesi on

condi ti onsveldsitheoH@R0O3E ty sOhnd@ id1al £51 178k decheUBE &) &@rtéé’dsed”&r?c“ on

articles mdan- dndar TOLTS: ALRRtLOn CorfrraRe MY cabiRRl wo- i i t

articles n]ID)I Ong %g full-injectl

nunbers fof ‘& scr W?/%‘ieé’ﬁf‘?iﬁ OFMits oPhiF £indipg)indpertns Whetf tmd for a
screw Vel oRHOpisY oreatefs at \imitehmedsiate| atades fafl | tHenjreatd wi1gomgli ti ons,
resul ted ipraesewammotosi tpaubéd)i beboide the Akl f13pdetdie apLue and

T unner . Thﬂrfa@.S'dle;1§1ﬂ%§€f.éxbetgar@%\48rl ndhcﬂzechwa&eéucuon”ar flowfront 25
r £5**achi eve a

is not re e nt ai,ned durin ecti-on, orde

| ow por os?‘%gloggo uc'%) V\nrHtah (iR 1 5 g?Jo"éJt’rtﬁctﬁfr e. iz “Tér bH‘Ifénc@'ldr S

tol erabl e %%1 S6htRE (FHEe nBF d199 | P Ingrespieed sin |owernty Piowalaryidiad ow 0. 05 s
and préf erksegishaft 125t oh86h jiws codfisthet stittctaniahri itRYE-bye0f nol ded
articl es wesmestidrieaddabdt.al | ographically on cross sections at sel ected

| ocations of the sanpl es of Exanples 1 through 3. Articles filled (nol ded)
at a scre e y._aof m.s_were found be conpact with no |ocalized
porosity ‘é‘i{/:éd%%%u%r?n% rrr%%rfeé:s 8hT e W 81ROT 'Fﬁg Teams grrerpyubrerkor articl es
filled at & §8?ei‘/¥7t\}8iL%(ﬁ°F§’sb‘FY O‘n‘?eﬁf@ll‘{“ﬁ?étb@}r eortytomsarticles filled at
a scréw velocity of 1.4 nis, on a microscopic scale, is discussed bel ow.)

The resul tRhe aperewvitgi sbentamiidiet hoseaabt aimed by)amf‘alA sehioagdes met hod
(Tabl e 3) cbaaigidA:C ‘meQB{@S@DC%DOégEE_Q&%@E gle S‘ usi n X-ray :
diff raCtl %rgm @nﬂt)g.%h.és OIno]FcPe e%ull 1njgct1€ne1 cond?i?oﬁg, 3. An XRD
even reachlng two-digit numbers for a screw velocity of 1.4
20 m/s. An exception was found for a screw velocity of 0.7 .m/s,
© which, similar to full-injection conditions, resulted in a low

porosity within both the article and the sprue and runner.

The results described above indicate that a laminar flow-front
25 is not required to be maintained during +injection, in order to
achieve a low-porosity product with a . uniform mlcrostructure
Turbulence is tolerable as long as the mold-£filling time is
low, typically below 0.05 s and preferably about 25 to 30 ms.

30 The structural integrity of molded articles was verified
metallographically on cross sections at selected locations of
the samples of Examples 1 through 3. Articles filled (molded)
at a screw velocity of 2.8 m/s were found to be compact with no
localized porosity evident on a macroscopic scale. The same

35 was found for articles filled at a screw velocity of 0.7 m/fs.
{(The porosity of articles filled at a screw velocity of 1.4
m/s, on a microscopic scale, is discussed below.)} The results
are consistent with those obtained by the Archlmedes method
{Table 3). '
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pattern, neasured from an outer surface of an approxinmately 250 5 gmthick
section of an article nolded at a screw velocity of 2.8 mis, is shown in
Fig. 5. Inthe XRD pattern, in addition to the strong peaks-correspondi ng
to My, which is characteristic of a solid solution of Al and Zn in M,
several weaker peaks are present corresponding to the y phase 10
(My17A112). It is well established that sonme of the A at8m¥Fd M5t he y
phase are replaced by Zn and, at tenperatures below . 437C, My17(Al, Zn)12
and possibly My17Al 11.5Zn0.5 internetallics can form Analysis of the
angl e locatjon of XRD peaks did not, reveal a sﬁ?nrfrcant shrft due to a

change in PP SPTRPE TSP pESa MEFEF e WP L TRY FHE AP FRPlontent in
the ‘interaptlaisiscef bhe semplesmvef| Epamfleshd ngjrongh XRD pedksXRBr My2Si
(JCPDS 35-pathzraf andatfd Wbl feakset osudtycanst MylahkbZindtsypresence 20

cannot cbe waembgugé&'lxncgpfar Bk ; ha raaraédcwta stpewsrélerzeseérto%ms' peak,

| ocat ed at_22 40, 121E co| ncl des wt rHap I\/g wo ot her
peaks at 47: I ot EEDIBE Fifer! apIW’f P‘ﬁa ?)ae%ﬁ?§ f ot™ (FSFMF and

(110) My, rezspeths vetrongThireaki t Korresrenfanpe BxanMded, whkeh onty My2Si
peak is atciiraztesti2.dfl &Esollndi seltvedon ofing. add zh aﬁnp@.rrmewi t he peak
intensiti e§eemcert hgedd- based salddhe sebf%és%en@ﬂ‘ngt he ol ded bhﬁé@ with the
JCPDS 4-77 %ﬁqar gt i nd'eﬁi‘t %gt‘% Rd& i Sstri butl (7)&1 ain
orrentatro TAreneTt Ies o?efhe%g &ak% and the
JCPDS- | CDDtlle 1‘&2@“§Far"i’6f&r dfeél’&aﬁ?ﬁ‘ PrdiBat@dangt preresradres g’ﬂ-‘a‘fl ogr aphi c
ori ent ati o3, t Mouwi(Al et abhd crphsisdy Housln. s¥RDsanatysieralpdecat es t hat
the all oy edn themhiedsad td£!thel Ingl & aldcapicn o kot besarRapreperti es

extendi ng [&adh! 23%:idhi £&d@NSoni R Sbeabure dandlf figreat firemihat
report?d fg gnvenér onal?c t akloys, where,a skeletaon of. a oI id

dendri p’hase I.s _known 0 have a crystal F%graphr n’rexFure (preferred
ori ent ati ofYt® P88 HFAg i n non- uni f orm mechani cal properties. -------- 12
DEC 2006 Optical mcrographs of the phase distribution of

Due to an overlap of the major XRD peaks for Mg;Si (JCPDS 35-

773 standard) with peaks for Mg and Mg;;Ali;, its presence
20 cannot be unambiguously confirmed. In particular, the

strongest Mg:Si peak, located at 22 = 40.121E coincides with a

peak for Mg;sAli;. Two other peaks at 47.121E and 58.028E

overlap with the peaks for (102)Mg and (110)Mg, respectively.

Thus, within the range examined, the only Mg:Si peak is at 22 =
25 72.117E, indicated in Fig. 5.

A comparison of the peak intensities of the Mg-based solid
solution of the molded article with the JCPDS 4-770 standard
“indicates a random distribution of grain orientations.
T30 Similarly, the intensities of the Mgy;Al;; peaks and the
JCPDS-ICED 1-1128 standard do not indicate any preferred
crystallographic orientation of the intermetallic phase. Thus,
XRD analysis indicates that the alloy of the molded article is
isotropic, with the same properties extending in all
35 directions. This feature is different from that reported for
conventional cast alloys, where a skeleton of a solid dendritic
phase is known to have a crystallographic texture (preferred

orientation), resulting in non-uniform mechanical properties.
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m crostructural constituents of an article nolded at a screw velocity of
2.8 mls are shown in Figs. 6a and 6b. The nearly globular particles with a
bright contrast represent a solid 5 solution of a-Mj. The phase with a dark
contrast in Fig. 6a is the internetallic Y-M17A 12. Th? di stinct
boundaries between the globular particles are conprised 8D, 286t i cs and
are simlar to islands |ocated at grain-boundary triple-j uncti ons. Under

hi gh magniddegaki on, msdiowragnz Fi Gf 6bena 1Oprda!sfefer§£'§é‘clﬁﬁf:

nor phol og tiG e _uent In gra| n oundary
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di ff er encd SH8hEY Mih&renahemadd Eige Se §B‘éo‘m}ar ¥ha. oedylgr ai ns. 15
The dark prebrpit apadigiehiwitola doglobbulcantpeatt ixcpesseravidesdlid n Fig. 6D,
are bed i evedutdobePy-8g: f - ‘ﬂk’tﬁ%ﬁabgtﬁ;[ngBtandalrﬁSconEEQgtvgll fraaction of
these pregigpi taies QQH@_%QQ{IQS t Qg vol f on of tltie liquid phase
during all g)é re3|g§nc v§f n'the Rlzrrel ng?“%n iﬁc‘t %Ohmgane

e
i nj ecti on3¥ol'dThg apfafat p?ﬁtﬁesAgr%v’F £5eF oth tHECRTEI0gPdphs of
Figs. 6a &8 6bS™HEr ni &?ost%%ﬂ@ﬁ’éﬁe oftoedtednpl| dbd agtdiohkoursiaegsential |y
porosity tripke-iEnetiksk Pwidruhésh imghiigicaidohhathoenuind Fg. nirst akenly 25
t hought * t @ilBeenicesbatweni Bhé akdrpnbbdsS ,ofaEh&|&ﬁ%l:i/1§9c%ﬁsUMf‘ern hi gher

o covend T o8, s, ligsey) pog NG e L g L0 2

rretallurgl t cti.ficatron o has™ a 8Sstructure.
MyzSi , belausé ‘i’ SHRACHRE| £Fhde FEFRt o'?held%géer%’(ﬁéslﬁomamareﬁgo any
mor-phol ogi*88l 'S PRAfSFervfatrerdur agtserrisel i d processing of the AZ91D
alloy. The predom nant type of porosity observed in nolded articles is

nor medd y freenaendt rappask cgess wiasHEH 3 @&gmarwgamc'lést he d%”l?' ent gas
during |njlgctF58n @g‘)ocglsgl&g_lepggphgeb% Su%% u %%eg{rg?ﬁlﬁaelslsigcontent (and

t hus | ow ¢an nt en{ ft . ui d ase fiow evi dence
of a shrinkage® Bo6r oSty o o°rfné:&e§§ BESEPIFRtST OsReTRIEEF oo dtihe ng

sol i di fi c¥P1'EH taRpget pshesiliguirbnebade ydurdsg 0bsbow etegdi@ancy 17 12 DEC
2006 within the bgrrel portion 12 of the injection-molding apparatus -
20 10.

As evident from the micrographs of Figé. 6a and 6b, the
microstructure of the molded article is essentially porosity
_ free. The dark features in Fig. 6a that could be mistakenly
25 thought to be pores are, in fact, Mg,Si, as cleafly seen under
higher magnification (Fig. 6b). This phase is an impurity
remaining from a metallurgical rectification of the alloy, and
has a Laves type structure. Mg;Si, because it ‘has a melting
poiht .0of -1085°C, does - not underge  any morphologlcal
30 transformation during semi-sclid processing of the AZQlD alloy.

The predominant type of porosity observed in molded articles is
‘normally from entrapped gas, presumably argon, which is the
ambient gas during injection processing. Despite the

35 ultra-high solids content (and thus low content of the‘liquid
) phase), the molded articles show evidence of a shrinkage
porosity, formed as a result  of contraction during

solidification. Shrinkage poxrosity generally was observed near
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i sl ands of eutectics, and porosity due to entrapped gas bubbles generally
was observed to be randomly distributed. A surface zone,. approxi mately 150
pmthick, of an article and a 5 runner nolded at a screw velocity of 2.8
ms was analyzed to determne the uniformty of their mcrostructures. The
.analysis revealed differences in particle distribution afy g oppri mary
solid between the runner and the article, with a segregation o particles
across the thickness of the surface 10 zone. That is, particle segregation
was obser VEdands 2T BYFFiCExt WHPAECT ITYadyerfer SREEHRPE cgas  ukbeenf t he
articl e t @enhealimwes | drsegived e detragidenly e shobbutsdformty in particle
distribution within the article was found to be larger than that wthin

the runner, oh2e4adob8, NATBISHEALS, I dlsstorh,{wm%sz oe BL ERLY:R0LLG particles

was observe “hin art ower screw ver
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di stri but iz@a1efisaldvdapad tdidresends iAEasHRdeagidefiNehbeNoof el st ance

fromthe JnQ:EF Qéliciwbeméanclﬁle USiRQ-a dnaneale NBINIQYe., ThA fESUl ts are
summari ze ' whi ch .shows thatt&f h%hvofqtkjrre of éll margﬁso id
ed

particles Efg Waﬁw ﬁ f’ﬁepéﬁ?lédofs R %% s “@8nst t the

| evel 19 of #PBe850FPathd SsoPR s 6N FEFHIREL PR r’r"atshé’bﬁ%t‘-ﬁf?é‘r ifla3 89€Fom10%

hi gher. Botdtetrdigor umner lamdrt feomrthec|sarfase|df ciwt airhédld ess tipri mary
solid w t hingetiw near +sudr f A6 clegi ONThd SHEA-AEE FEARR) Jh%ad@péﬂ ed surface

zone was cmemmqntalaanap@{e%emfé Y20 fb%dmtkhbgkhpaé thg,mej ority of

t he depl etlog %urs w thin a 100 gmthick surface layer. In order to
study chang@§ Y p8rthe & 8f%e and shape during flow of the seni-solid

sl urry® t hrough the nold gate, the slurry 35 was injected into a partly
open nol dA This hmawgehsery ddstoilsdise of Firgnafy-cadidiprmteades ivast he gate
si ze and wakkrvddiveknas arefcidiematddche BRdr 3sraw WEsMilriegnl y part of the
nold cavity was filled. A typical mcrostructure for a roughly 18

Stereological analysis was conducted on cross sections of

20 molded articles to gquantitatively assess particle segregation
~{distribution). The distribution of solid particles was
measured as a function of distance from the surface of the
article, using a linear method. The results are summarized in
Fig. 7, which shows that the volume of primary-solid particles

25 within the core of the molded article was constant at the level
of 75-85%. The sclids content within the runner was over -10%
higher. Both the runner and the article itself -contained less
primary solid within the near-surface region' (surface zone).'
The depleted surface zone was determined to be approxinately

30 400 um thick, but the majority of the depletion occurs within a
100 um-thick surface layer.

in order to study changes -in particle size and shape during
flow of the semi-solid slurry through the mold gate, the slurry

35 was injected into a partly open mold. This Was' observed to
cause a significant increase in the gate size and wall

" thickness of the article and, as a result, only part of the
mold cavity was filled. A typical microstructure for a roughly

18




12D C2006 5 mmthick section was found to be conprised of equi axed
grains wth eutectics distributed along a grain-boundary network. The
particle-size distribution of the solid particles of the 5 nolded articles
was determ ned by neasuring an average dianmeter on poli g@eﬁiE@rQ S
sections. The size distribution of particles for sanples neasured at
various |ocations within a nolded article and in a sprue is shown in Fig.
8. Al so showm knidk gecti®nawes pRiuhiicte e zemgiistd i dubfihaat axiOfs t WO
different oGl uddelibiBSiccs MW A al sy 1P LARGELdDy COMIQL I Ng the size of
particles in the nolded article. The primary a-Mj particle size was found
to be affected by the residence tine of the alloy slurry at the processing
15 t enper atitfr é’.aréb‘?leEféaﬁ?)l TS LEIPRFRTY P L3, theheokitbtragitieleequl ridgee to fil |
the nobd frerldeficawtliol eh vaoudetrgmiiaed doyvt ppapaling esi deacsye HiiARetsangi Ng from
about 75- %h ol PsHRE cPSEd &lecPObitd Ofnd2s Ofe WRSL MG IANLIRL A1 apparat us
10. An incy, easean{priege%legsenc% time causele%O rseni n.qihlgf tphe article
e f ™S resul ting

di aneters of .the primary solid,>Wih arestdenct

in an i ncr¥&deleiFavRrag®rpartt ahevsi e Fde- 5Hu AEPY. SPEWshémsFichat an

i ncrease 9§ rereyphetidlgesizesiidentertiopeiata dipr2bws ALEfEDOns ¢wslel ts in a
si gni ié cantimeBCr @ddeing) pad t ieberthinddetar , caMidB150mE P t isgLeS o¢havi ng

di anet er s et 100 :M i Qolded §386-1d particle size 25. with an increase in
cycle tine indicates that coarsening takes place when the sem -solid

slurry is resident within the barrel portion 12. The effect of cooling
rate on mCFoBtIIEYure NS TAlSte S4aRi Yt £o3eR dp bprifiectpédauddeof their

| ar ger si Zesifiengggs tapserold thsat alfoy tHivskywadrt s, theuclpraseddiage of

Spruess thempbcaoser uctalr Exasydsved thusynf By ther shbansitbateholireganpl es made
froma pardd ¥i10pes sl ol @id cboundanih.esqshoed coyi denee. of n%‘ gration,
and eut eqlibas Al sk Akedngliong_Lfe, graln boundarl es changed g5 mor phol ogy
in conparisan to sanples nade froma par }f_y open ‘_pm)tf (5’._ §§FOV OF
OBSERVED R)Eageﬁtragm-il@ ing apparatus 10. &an increase in residence time

caused co,_arsening of the particle diameters of the primary

20 solid, with a residence time of 400 s resulting in an increase
in average particle size of 50%. Fig. 8 shows .that an increase
in cycle time (residence time) from 25 s to 100 s results in a
significant increase in particle diameter, with some particles
having diameters over 100 pgm. The increase in particle size

25 with an increase in cycle time indicates that coarsening takes
‘place when the semi-solid slurry is resident within the barrel
portion 12.

) The effect of cooling rate on microstructure was also examined

30 gni sprues, because of their larger size. It was observed that
for thi,ck_ walls, such as those of sprues, the microstructure
evolved much further thah that for samples made from a partly
open mold. Grain boundaries showed evidence of migration, and
eutectics distributed along the grain boundaries changed

35 morphology in comparison to samples made from a partly open
mold.

DISCUSSION OF OBSERVED RESULTS
19 .



- - - - - - 12 2006 As denonstrated by the exanpl es di scussed above,
injection nolding of sem -solid magnesium all oys is possible even for
-ultra-high contents of solids. A solids content of the order of 75-85%is
possi bl e; which is above the range of 5-60% 5 generally accepted for
conventional injection-nolding processes. Al though the ap?ﬁ%tﬁibcri bed
process is described with respect to sem-solid injection noldihg of My
all oys, the process is 10 also applicable to Al alloys, Zn.alloys, and
ot her al | dds dendnsiredtddngbit ebper skammeeshaligauappt oabewat. el injERBi& An
~inportant mdidihgr enCeehipisoeed Monduhl aalbnaysid Spddiibhel evegnsdty and
heat cont eilera TRy QUREANSE! Yoflad GOUBREN WD, 4l o4 B3NS o Lhat M has
| ess inertia ,&P%, for the sg{re aﬁgfled_ ressuret a 1 can er “fiow speed
resul ts. THer &YGP& % RURARI%Y sKBITRriti AROVE othe | FaBP%oPl Rrf® a My al | oy
t han wtt h asaepgilf | oypceperacher fog di FPeyeridenah deinsiecyidretna@dimdvy and Al ,
acconpani edocbysdneir simlar specific heat capacities (1.025 kJ/kg K at 20
20 'C for My and 0.9 kJ/kg Kat 20 C for Al), nmeans that the heat content
of a My-b part_w ] be substantially lqower and will _solidify faster
than an AlaAﬁ%gglé. ' part ac_)?‘iet‘ﬁlés%‘élr%%vﬁm ® 1Ri §257506F HHM i"EPEFT i npor t ance
duri ng pr dCeSSPhTEOREIMIRARTEPS WPLAinarriuMor 2 APyt fihectironesd svlids. In
t hi s tase,alsheapbligeblielitfd @at ablpus,meni sllvesy ShDCthBeCAlIsYsOowith a snal |
;racti (2)2 &Edﬁ@_@@gﬁ@i@&r Yeldw !Eipﬁ?bﬂima_té§§ofﬂkﬁ m@.f%%&?&,oﬁéﬂé‘mti ons, ]
or a 25- S idifi.cation take ace W,thin _ one tent
of ‘the ti %1%59%%% Ibfngﬁ%{er edg%or _iaglﬁ%? essure %?églr C8BEIRG. * % cor di ngl y,
for an ul tYAFhFER-EGt i dSPT Rt IB1S60- 23048 53gmreRed S6ithdPRi Beatson ti me
shoul d be %®¢&ntg et dpss Hawet e  arsbonferarthet gandi apd oad aprteisenad. kel i ef , a

filling tintgheoff2r ABeshSenRBStl ethbBsEcreSCLEVAKRL 081 $3br@br 2e 8l s (Tabl e
1), which oes1nal m8iM iWiehYa PRV Ly tdhas wREsL AT QR PeCauUse 35 the
filling tinme is of the same order of magnitude as val ues neasured for die

casting. In fact, t alculated gate _velocity of 48.65 nis (Table 1
falls \?VI t iﬁuﬁt%e?aﬁggsgfergﬁg%%n degsat.ty between Mg and Al, accompargied )

by their similar specific heat capacities (1.025 kJ/kg K at 20
20 C for Mg and 0.9 kI/kg K at 20 °C for Al), means that the heat
content of a Mg-based part will be substantially lower and will
solidify faster than an Al-based part of the same volume. This
is of particular importance during processing of Mg alioys with
an ultra-high fraction of solids. In this case, the
25 solidification time is very short because only a small fraction
of the alloy slurry is liguid. * According to some estimations,
for a 25-50% solids fraction, solidification takes place within’
one tenth of the time typically observed for high-pressure die
casting. Accordingly. for an ultra-high solids content of 60~
30 85%, the solidification time should be even shorter.

However, contrary to this conventional belief, a filling time
of 25 ms was measured for a screw velocity of 2.8 m/s (Table
1}, which does not entirely support this expectation, because
35 the filling time is of the same order of magnitude as values
measured for die casting. In " fact, the calculated gate
velocity of 48.65 m/s (Table 1) falls within a range of 30-50
m/s, which is typical for die casting of Mg alloys. This
unexpected result can be explained by assuming that heat is
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ms, which is typical for die casting of My all oys. ThIS unexpect ed result
can be expl ai ned by assumng that heat is 20 -------- - -----
-------------------- 12 DEC 2006
gener at ed during rml d filling. Such a pOSSI b| lity is supppii@doygy observed
m crostructural changes, as discussed below. Results fromthe parti al
filling of a nold cavity (partial 5 injection) denonstrate that the flow

node of a §&frasad lddr%g} %mSkmm&gde%eHSa Poshotin ttE}elQe; JeBtage of solids
e oo ot Ypefiile REARELELAG Landlll Nad DELEIE p2ELIT COTH 011 o0 DY

the screw ve 00| ty an € geonetry *th e por P&h"38. 10 Al t hough
the presence of gl obular solid particles prom)t es l|lamnar flow even

ul t ra- hi ghResolFelsfromt e spaipdt fPiiirantof tarbeldntavitew (pakessl t he gate
vel oci 8y isnjad}ustedetsaiuaed) thadDPRo FbaAtRIde. of\aﬂs'éfniyscy'ﬂ'ﬂdhaﬁlcﬁﬂ i ds

~content of Lated, a.gate, YoiCl to, 5Q,m's, exhibited
hi ghl'y turb?ﬁgé’ 4 %8% lﬁéaﬁhagggrlssyc%(%’gg&é fcsgifds 1 OChten%u f° 75% the

e
flow f ron?nlg% §E§tqﬁtle ci}‘r’fiyf' oP it t Fbjcﬁ%ﬁ’f:) being §°P§r‘if'é‘&§e’ﬂy bﬁ}‘et he fact
t hat. t he g%ﬁré“v‘éﬁlé‘éﬂt:k] "ﬂidr gbeldpoaptace tive gade decditibantf- tine, and is a
critical factor in determning the success of the SSIM process. Thus, if
the gate vel@eidy ESe r pdeedde?2QeXERESNYE! )éol:ichepe?:!'tl.lgye§l BEL¥odes not fill

Egrerplme)ltgls it} Al %Ie Rl L D Yo LIRSS B, BB LRETAE® 1t hr ough
3 above. ég’geﬂnjaﬁf&vé:hec "f‘ﬁf’eﬁﬁIBﬁh‘PY vhsséﬂi’r‘l’sqﬁ?i dge ‘H%ﬂd a | ani nar

flow beha\ﬁRWOBIflattﬁéYal |Aoyls4"1m P th 2 gedidedonvertupul®nt ihfewedbehavi or
not only orteat estd ve@poity pAPeSi ty Sonmihe exblpiatd AL§HG eutFatie 3) by
entr appi NGE1gas Barddterdb &R d.NCrRASLSJ1RES é&leeﬂtf beatson fat eﬂ*%va reduci ng
Lhe neat, T4t [0k 1e JAL(8 o BOLLADIE OlmbIEi) MLgehidly T80, s

apparatus 10 thro cont i nuous, s fie™al oy “S10T Also, it
pp

is well kndtw “PHat htehgaﬁf‘ gheTothié g’(ﬁ‘el‘:&%yc%?ﬁeéﬁ? Bll‘e s Fik P t he hi gher
t he inj ect® @8- (g é)s \Pelcéféitf-ya% hctanyib denephiyied Bakoseccassaelii ng t he
onset of tunebudsent drbowsdbehavibne, if the gate velocity is reduced

20 excessively, the alloy slurry does not fill the mold cavity

sufficiently quickly and, therefore, .solidifies before
completely filling the meold cavity, as demonstrated by Examples
1 through 3 above,

25 As discussed abot}e, conventional wisdom holds that a laminar
flow behavicr of the ailoy slurry is desired. A turbuient flow
behavior not énly creates internal porosity in the molded
article (Table 3) by entrapping gases, but also increases the
solidification rate by reducing the heat flow from- the barrel .

30 portion 12 of the injection-molding apparatus 10 through the
continuous stream of the alloy slurry. BAlso, it is well known
that the higher the solids content of the slurry, the higher
the injection (gate) velo_c'ity that may be employed before

 reaching the onset of turbulent flow behavior.

35 !

The samples discussed above, however, demonstrate that, despite
the presence of an 'extremely high solids-content (exceeding 60%
and preferable ranging from about 75-85%), the slurry can still
exhibit turbulent flow  behavior during injection, but the
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35 ' The sanples discussed above, however, denonstrate that, despite the
presence of an extrenely high solids-content (exceeding 60% and preferable

“ranging from about 75-85%, the slurry can still exhibit turbulent flow .
behavi or during injection, but the 21 --------- 12 DEC %06)@ Pdél‘ bul ence
does not detrinmentally affect the nolded article. |s expected that flow

probl ens can be soI ved by nodi fications to the gatl ng system 5 For gate

vel ociti est ?rf\é %nce rIxjoes( n@é&l?ﬂ)entéﬂp NH¥re I‘:Jco gvatﬁold?—gl | | rt:hgf@g to achieve

a sufficien Ton ve conpl e e nold cavity.
Nevert hel é$s, lé hFﬁﬂe%ﬁfQI i th2tartt™ e R/ﬁ"f’ﬁer&s‘n acc?é’eplbﬁbl 7 ‘6‘?79 porosity was
produced, rr@\ieﬂlqmennStm bhé ertibghesdtem-was observed for the slurry. This
i ndicates 10 that SSIMusing ultra-high solids contents is flexible in

terms , of hggwr‘@iﬁfygsm@&r@@%fseqsk%ﬂqucemﬂﬁ' gpfﬂyﬁlwésv pr oduct,

aslong as fil npl etely while
the slurryarFsiEmad E‘E)Ialc(}j‘leﬁ%ra 5E gh%lteé‘ﬁlly e R LI g ﬁﬁ?ﬁyf'ﬂ ling tine
i's determosedléselvhéihtthel Bokd zaviryr tfrRveskhedsises ddkigh-Begidbove, the

“m ni num gakeicvelaeht 3n abomerathiychowaoestity @esreasiesed.ewernuviger t ur bul ent
fl ow condid,i0ffent BeRRRLOXEARLBEYrERs Mo tHisSulSy CORkTAlLYal Bac&ONvent i onal

bel i ef 5 ahoul GohM,.20, u*i% LG LopR, dLl{erence h0.BIOL! Yoht ween,

'partla ly an conp articles no ve?omty of

48.65 m L dd9 rr"d1u€5¥e5 h "l%ﬂﬂ FHIZER gLt BFF tan 85‘?‘{’5/: gener at ed
duri ng noledofié¢t.i mF ilong edsicer: dpdindiliml tigensiowsathomoll dirccessf ul
final densiifil cédnpQRtéREWhiPs theesPhrist Uk yemdi-bhini.t hEowtel dotatdrity t o be

sem -sol i ¢ .28 tsfi%efl EﬁlJ.- m&f@&&kliﬁnd St &P 1L e tleRn O Myt otwm;@eee this, an

~appro rlatel sho df| n t'gc'?r_{%re |red end pan n Jedi ate gate
vel oc? %21 et he aﬂpg < dﬁ 5 a?’% m nar an e gate velocity
was not h|"§ﬂ°‘éh‘éﬁg"}]?°f"8 B EPEPTH30 ‘Telclrfaaﬁ% |‘F61"EI t yurBpleityat e

vel ocity dflo¢2camlipfigns.g is approximately 25 m/s. This is contrary to
conventional beliefs about SSIM.

20 The significant difference in porosity between partially and
completely filled articles molded at a gate velocity of 48.65
m/s, as indicated in Table 3, suggests that the porosity
generated during mold £illing is reduced during final
densification. 2 successful final densification regquires the

25 ‘slurry within the mold cavity to be semi-solid as the final
pressure 1is applied. In oxrder £o achieve this, an
appropﬁ:iately short mold-£illing time 1is regquired. At an
intermediate gate velocity of 24.32 m/s, the flow mode was not
laminar‘ and the gate velocity was not high enough to completely

30 fill the mold cavity. At a gate velocity of 12.16 m/s, a
laminar flow mode was achieved, but the alloy solidified after
filling only 72% of the mold cavity. '

The role of shear is of particular importance to the process of
35 the present inventicn. In contrast to situations involving low
solids fractions, injection of slurries containing ultra-high
solids fractions involves a continuous interaction between
solid particles, including the sliding of so0lid particles
relative to one another and the plastic deformation of solid
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| am nar flow node was achieved, but the alloy solidified after filling
only 72% of the nold cavity. The role of shear is of particular inportance
to the process of 35 the present invention. In contrast to situations
involving low solids fractions, injection of slurries cargtpgping
ultra-high solids fractions i nvol ves a continuous interaction between
solid particles, including the sliding of solid particles relative to one
anot her aneettieles astSich deferastiopnberfvesnl salid2paitiz1DEQ ER6tparti cl es-
Such i nt er agticeardietwestsal tsugear bi JrRsr | 83d% st Ond@ cost { 44yl al dr eakdown
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aggl onerat i o I on amon resuf1 t'ng ¥ rom
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i npi ngement®% %ﬁﬁij‘f% erreﬁﬁftflingl rer%go?ea’d‘fﬁlfi‘ Emeritt |a§1dl i REF?‘T%Fl‘%Jf?Ear f or ces
“and thé hergaectgerfer at dd- bis t hbkdyf oeheds st r Espensidslde flor héwe success of
SSI M of sl gereiresedibyulchbse higlresl dxls reapbmiiine SSF M sakbeys sdsurries with

an ul tra- highy 89'él@%r%’é“o%n&ltzjaohﬁ?{;}?%%@lés 3:0%'&@@! of processing issues,
including: 1) the mninumarount of liquid required to create a sem - solid

slurry, and ii) the Pre heating tenperature necessary to attain such a
sem -sol i FEatE  PhiYenst@iziefhevisl t3ngubiraahiah| eplids acestaten t he
- solidas t empeeatur e inmmbgceefedrotiowever ,istbed- Ahchldiays ane #rown to

sol i di fy idirAr@en-eeud | BE UTuelat eeq@nidat Ord OLRLadepgndifg-of fhe cooling

rate, var 'Qﬂﬁr{rr aa(htdl o1y t:hgf p;eéJthEQEin t«raé%r:acltu%e nedes%srx.]%g%m | d%,slglt enper ature

cannot be f und |rec§)h$/ roman_e I um phase ram

conpl i cati ons ar PSR PO anatfici pte enﬁﬁﬂl fgof® | PBy&11o20 typical Iy

occurri ng HETA208he} f thesRALIMs Hempratagea i2n e@sﬁ@@ht .t Hawevey,

suf fief ent¥oyr2hi ghtavs ereakeva tthr eelighdsein 4 egiveguiliteiaaryreenpound i s

forned andaﬂdne;iop'feﬁa;s mbéﬂzi&@iﬁw tRE Cddol Bhy ardtITPeLAL A féléciﬁﬂsas 3630 25

For a comuosidikcoi i MIp 9%\ dd e sol i du an :

| i qui dus tPJLEﬁr% sYLes; are £ 4680@55 %%%ZA;?%‘% aééetlm%r nggg flalanoqs 23qw l'i brium
o)

condltl on e eut ec Y ¢ oteufs a oxiHeel y 12.7
o Al L 'ﬁﬂfﬂ? 1%168,8 arise from an 1nc1p1e melt:.ng of Mg-Al alloys,

20 typically occurr:.ng at 420°C. If the. Mg~Al alloy has a Zn
content that is sufficiently high to create a three-phase:
region, a térnary compound is formed and incipient melting may
occur at a temperature as low as 363<C.

25 For a composition of Mg-9%Al-1%Zn, the AZ91D alloy, the solidus
and liquidus temperatures are 468°C and 598°C, respectively.
Under eguilibrium conditions, the eutectic occurs at a
composition of approximately 12.7 wt.$% Al. Thus, molded
structures that contain Mgi;Aliz are considered to be in a

30 non-equilibrium state, and this is essentially true for a wide
range of cooling rates accompanying sqlidification.

The temperature required to achieve a certain content of a
ligquid can be estimated based on Scheil's formula. Assuming
35 non-equilibrium solidification, 'which translates to negligible
solid-state - diffusion, and assuming perfect mixing of the
liguid, the fraction of solids f; is given by:
f2 = 1 - {{Tn - T)/m Co} M/, (Eqn. 2)
where Tn is the melting point of pure component, m; is +the

40 slope of the ligquidus line, k is the partition coefficient, and
23



structures that contain MyJ17A112 are considered to be in a 30 o
non-equilibriumstate, and this is essentially true for a wide range of

o coolingrates acconpanying solidification. The tenperature required to
achieve a certain content of a |iquid-can be estimted BasBiC dWbschei | !
formula. Assuming 35 non-equilibriumsolidification, which translates to
negligible solid-state diffusion, and assunmi ng perfect m x] t he
liquid, the i adiei eAlefinsolceasetts | Figi-véniby2 fLagrap s ?‘(“ﬂ'ﬂg ?"?)

O -1/ (1- kKxe(&gRnsRip btalteren Trmnperéherarenti Hep Foiratiof Oéuﬁel\sqﬂm@nent m is
the 40 slLopgq¢f .itw liquidus line, k is the partition coefficient, and 23
------ 12 DEC 2006 is the alloying content. Fig. 9 is a diagram show ng
the relationship between tenperature and the fraction of solids in a
AZ91D sl | Q.Meor%t[hspf edicake ol < Wrationsa predinoh soTiEsi fuavsisin dg fraction

of 64% ag %he r%{ﬂ %ﬁl Q.gcllnlgmlg_mi@rfé‘pwﬂeg%alp%htﬂtgéﬁéa and even
rom-t

smal | deviPafi dhs spherical _,sha ress hj

However, €He"r &8l 2 ed’l§5h‘?£%d£%°5‘ovt§' rﬁ%’%er 1 %% N fuli ﬁgp%g'lD al | oy,
the anounthdé Lowker | HEueEmwi tHien llef?utlﬁé ﬁ’bf"&éﬁfear #Pere ABILGAN fi cantly
| ower tharnhbe fdieanet Az@lD apdoki nghd iamobnt |of figcmer jkidugdomisiigy j ghtly
hi ghey, t h%ﬂetxﬁﬁde\ﬁokyf@cﬁer a6t 5 hih cant BoLbesr afhah2r¥e Yhusratiaalobser ved

for M- 9%l allaxgs, Thi 3, Phenomgon.| ohﬂlavl‘aqt%yo Hl%%%ttﬁafrpfﬂﬂehe fact

that near PFSEH ar™F 6 ms evol vé from th axed-grain 1 -ursor of
recryst al Vo2& af¥aiFieRi B8, eBYeHErei 7§ a 75]19\L S sf’r‘frl % junctions
and - My/ o MgMytaglr ailhovoundhis esé,lenoﬁmqrngsSipwege@ﬁm FP%‘&t‘i éﬁC’mttPi’@ gl obul ar
forns ret lffaeedthé)t afeareqUibBuies Gloaind stolwet Ufrem 20e Theuivixedostaimct ure of

articles i @%@&%déo?n dPldedyLramisbarainsy b, ub mkigd 5ol tls contents i

subst ant i &l ferent from th ai n UOries and medi um
sol i ds corfP8fits 2% For™H tlﬁ Wﬁ’ IIL &I g?‘gcusge/ & %ﬂlanﬁoal Q%Eiﬁlvgh sol i ds
cont ent rré'sraw sskay éoﬁf‘é’f%scﬁ'r'b‘é’f urté’et Fab® ‘lﬂs""r i Tran 5 y* grobtl ar

equiaxed grain structure.

20 The microstructure of articles injection molded from slurries
' with ultra-high solids contenﬁs is substantially different from
that obtained from slurries of low and medium solids contents.

For the Mg alloy discussed above,- an ultra-high solids content
-results in a microstructure that is predominantly globular

25 particles of primary ‘a-Mg interconnected by a transformation
product of thé former liquid, with the primary g-Mg
practically occupying the entire volume of the molded article,

and with eutectics formed of a mixture of secondary g-Mg and

the y phase being distributed only along particle boundaries

30 and at triple §junctions. The microstructure is fine-grained
| with the average diameter of an g-Mg particle being
.approximately 40 pm, which is smaller than that generally

observed for slurries containing 58 % solids.

35 - As shown in Fig. _8, the short residence time of the alloy
slurry within the barrel portion 12 of the injection-molding
apparatus 10 is crucial in control].:.ng particle size. The
short residency of the slurry at high temperatures while in the

so0lid state prevents grain growth following recrystallization.
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-injection- ol d appar at us ,
The shortePBE¥ €Y of the slurry at high tenperatures mhlle inthe solid

25 particles of primary o,-Mjy interconnected by a transformation product
of the former liquid, with the primary p,-My practically occupying the
entire volune of the nolded article, and with eutectics fornmed of a.

m xture of secondary -My and the y phase being distribut 2grpnpgs al ong
particle boundaries 30 and at triple junctions. The m crostructure is
fine-grained wth the average dianeter of an a-Mj particle being

- appr oxi matieicyusd pryrenhich is eftddravet basckdumat geaer abhya absenved for

slurries coRialMiRgass Hsoldids. i35 Mg—é%AﬁilC%‘éﬂ 'a'ilg_J{Q §za1tn@e éagp”
resi dence gyoweegéll@qa‘falllagé/ fc?%ugxt%n%& hin Qe bl.artl e of the
1 | | ﬁYEﬁe@I e size.

1S cru0|a |n COﬂtI’O

state prevents grain gromh follow ng recrystallization. 24 12 DEC 2006

Because t lmnedapartirielf eahi wasbl agbades:ibatoysulladahisnder 1 ign- boundary
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ext ended per;:o S ; at .el.evat ed & eratures partl cles can
al so grow®whi T2 stusp dé:ae A4 SF PR 8ot % pr‘ﬁﬁt’éserr?osaﬁi?f”‘?é’lelsoy slurry
resi dent iSRAE PR IFEr ?%Ithep%ﬁ’]t‘ldoﬁaﬂl‘&festwé dopjestdnen- nihdnhgrappdr at us 10

under Hoes OsteatrSemipaniof. t he Cosllescguaet | &l edebinecioabesaBBCEndg®makani sns and

10 Ostwal dnktaetinegus GRakeSLaNGE idchedehidieGagsid e BRBAT b¥ntdaShbant aneous

formatijon.of a1l Apga ALt cl eodipiiac0atankeol;, R OB ! npaticles.

Cst wal d r| ned
nmechani sm Eggﬁhnﬁqmﬁps% te Fbvx%lﬁlcg‘cc’ﬁr sthaué‘e?}éf‘:’éﬁﬁcéﬁtY"é’tcihor?réﬁﬁdl ents at

the 15 paBfPEHe- nefFFR (IdPaw &P i moeFeRiB@tiThe gradigpbse of thse interface
creat®s ceaceitleamkonixgr Gdicents, ishkeehadi ve Thbe cudivhfutsi osml cheansport of
mat eri al . ibewEsee, aﬂaaetsimoumcéraga@&@eg}amneg t @il 0Gesss OknLhe present

i nventi ong; whhChnat ed&%%épgi'é f LBS,EI Otrﬂnagglt‘i%q.t S, Iﬁo bel I eve% to g.' m ni sh the

~role of 20 Ost \wa eni ng. her e the | eadi ng mec‘l-‘lanl §m_behi nd
residence t =} process of the present invention, which

reduces diffusion effects, is believed to diminish the role of
20 ° Ostwald ripening. Therefore, the leading mechanism behind
- particle coarsening is believed to be coalescence.

An interesting finding of the microstructural analysis
discussed above is the lower solids content within the molded
25  article compared with the rumnner. In particular, a monotonic
reduction in solids content was observed as a function of the
distance from the mold gate, for a néar—surface zone of the
molded article. Although cross-sectional segregation can be
explained by changes in -flow behavior due to differences in
30  density between solid Mg (1.81g/cm® and liquid Mg (1.5%9
: g/cm®), the lower observed average solids content within the
article comi:ared with the runner suggests that another
mechanism may be more 'apprdpriate.

s A segregatiori of the liguid phase is often observed when solid
grains deviate substantiélly from a spherical form or when the
fraction of seolids is large. Under such circumstances solid
grains do not move together with the ligquid, but instead the
liquid moves substantially with respect to the solid grains.
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particle coarsening is believed to be coal escence. An interesting finding

- of the mcrostructural analysis discussed above is the |ower solids
~content within the nolded 25 article conpared with the runner. In
particular, a nonotonic reduction in solids content was pppervams as a
-function of the distance fromthe nold gate, for a near-surface zone of :
the nolded article. Although cross-sectional segregation can be explained
by changeg. in hay u i ££ egancesyi fJas3le-densi tyoatween solid
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i ieved 't [ si

it is bel at shear forces, arising fromthe novenent of slurries
with ultra-high solids contents through the gate and within the nold
cavity, g8heraraEplepedestriied cHRVE HAFBsPIWSFEFE i My PGf *Rhe* S EY. Wt hout
the preseacimofsehear Withces,gdometsy behd eddmenshians i prwilz¢dbdort o

i npossi bl gch&r GpRlately filteduieen®mltd dravi tshord heorxanpl asy daser i bed above
were processed Usi Bo ap. &Xi 55100 cy98hId10, 545t €M Lhi & GROMBIIIYsaNd -
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mol d- i || E¥E- T me™® 4ffd X° gﬁ) screwr Vel ot ty i ndicat es f hat. exi sting
gating spigemmadayy rhiedes i o™t 81 RY fORRTiTT @&t POFATERaR ntPidrs

hi gh- qual icbyreartt,i doetudirgmedihimatsbur of esheofspyhe reedtiigh 3%1 ivdsichcont ent,
i ncl udi ng ;gl iMdpathone @b the rSpidleRpREbLAN oF4theilabry to the gate

20 portion 38. Bnother possibility is an increase in the gate

size.

While the present invention has been described with respect to
what is presently considered to be the preferred embodiments,
25 it is to be understood that the invention is not limited to the
disclosed embodiments. To the contrary, the invention is
intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims. The scope of the following claims is to be
30 accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
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is an obstacle to the rapid transport of. the slurry to the gate 20 portion
38. Another possibility is an increase in the gate size. Wile the present
i nvention has been described with respect to what is presently considered
to be the preferred enbodinents, 25 it is to be understood that the
invention is not limted to the disclosed enbodi ments. Togg@ggngrary, the
invention is intended to cover various nodifications and equi val ent
arrangenents included within the spirit and scope of the appended clains.
The scope of the follow ng clainms k$.10 be 30 accorded the broadest
interpretation so as to enconpass all such nodifications and equi val ent
structures and functions. 26 - - -------- R 12 DEC

2W dains 1.1.An iaRj e61d@NoADh&lidl@qPp PcasSS eofpFiSingdrhdessbepss of
heating an alloy to create a_sem-solid slurry with a .5 solids content
rangi ng from about**8b¥4% G abbttY 856757t é‘cFF%b‘%ﬂédth‘ﬂ?V PAFBUYh a gate
portison of a nmold cavkbyidd cangatie nsebotytfrasubbbet eauy 6 ddbut) configure
an injection rom1fron%59jn the nold cavity that is at least partially
turbulent and ii) that TS sufficient to substantially fill the nold
cavity; and 15 densifying the slurry after the slurry has been injected

(o the mold cavibYec gl ehl NG5! hidigrl 8 LA Refionals d pbpd e duri ng
densification. 20 27 The injection-nolding process according to claiml,
wherein, in the injectFagSteép, atdhesvaleyity shEfiweentoltd cavity in about

25 t19 about 100 ms. 25 3. The injecdd @R iPd ANGLPEOCESS £R6£0FdiRg to claim
1, wherein, in the injecting step, the slurry fills the nold cavity in
about 25 to about 50 ns. in the mold cavity that is at least

partiaily turbulent and
ii) that is sufficient to substantially
£ill the mold cavity; and
15 densifying the slurry after the slurry has been
injected intc the mold cavity, wherein the slurry

is in a semi-solid state during densification.

20 2. The injection-molding process accerding to claim 1,
wherein, in the injecting step, the slurry fills the mold cavity

in about 25 to about 100 ms.

25 3. The injection-molding process according to claim 1,
wherein, in the injecting step, the siurry fills the mold cavity

in about 25 to about 50 ms.

30 4. The injection-molding process according to claim 1,
wherein, in the injecting step, the slurry fills the mold caﬁity

in about 25 to about 30 ms.
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30 4. The injection-nolding process according to claiml1, wherein, in the
injecting step, the slurry fills the nold cavity in about 25 to about 30
nms. 27 1 2 DEC 2006 5. The injection-nolding process according to claim1,
wherein the alloy is chips of a magnesi um based alloy. 5 6. The

i nj ection-nol ding process according to claim5, whereih2tDE oy is chips
of a magnesiumalum numzinc alloy. 7. The injection-nolding process
according to claim1, 10 wherein the gate velocity ranges from about 50 m's
to about 60 gn's. 18 ﬂﬁ?%dtnbﬁQ&hQHnHU$£BdHlspéggﬁ%ﬁnﬁcEQHQbﬂg,50 claiml,
wherein the gate velocity ranges fromabout 40 m's fo about 50 15 m's. 9.
The i nj eBErBH2 MBIEdPAYC pricc €8P Ao rdPAG 0 B8t th 21 l1ikerei n the solids
content ranges from about 60%to about 75% 20 10. The injection-nol di ng
‘process according to claim1, wherein the solids content ranges from about
75% to about 85% 25 11. The injection-nolding process according to claim
1, Wwherein taqe afrheyinicchbpsnaidian p&auﬁsmuat&uﬁﬁadgatécn¢a130512 The

i nj ect . di t I 1. wh t |l h
of o o nEebak S PLPS7oR SREOLE bRt i it bl dtaPhg brocess |

according to claim1, wherein shear forces are created within the slurry
during injection. 5 14. The injection-nolding process according to claim
1, wherein the heating of the alloy is sufficient to create a sem- solid
slurry with d-sol i'HS EORCEAPRTRHGILRE PFUIRSALBEECITFENIt B HtFeit 185% 10

10 wherein the gate velocity ranges from about 50 m/s to about 60

m/s.

8. The injection-molding process according to claim 1,
wherein the gate velocity ranges from about 40 m/s to abcut 50

15 m/s.

9. The injecticn-molding process according to claim 1,

wherein the solids content ranges from about 60% to about 75%.

20
10. The injection-molding process according to claim 1,
wherein the solids content ranges from about 75% to about 85%.
25
11. The injection-melding preocess according to claim 1,
wherein the alloy is chips of an aluminum-based alloy.
30 12. The injection-molding process according teo claim 1,

wherein the alloy is chips of a zinc-based alloy.
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15. An injection-nolding process conprising the steps of: providing chips
of a magnesi umalum numzinc alloy; heating the chips to a tenperature

bet ween a solidus 15 tenperature and a |iquidus tenperature of the alloy
to create a sem-solid slurry with a solids content ranging from about 75%
to about 85% injecting the slurry through a gate portion?&MDEC @86d cavity
at a gate velocity appropriate to 20 i) configure an injection flow front

in the nold cavity that is at least partially turbulent and ii) that is
sufficient to substantially fill the nold cavity before the slurry 25
solidifies; ard déhsifyiasgithensidingyraftess theoslioeriyoe dsibeén injected

into theyupld, cavltyeowher gi-n LheShuf{ivhid $hkNs A 36MhasQld d state during
densification. 30 16. The injection-nolding process according to claim 15,

wher ei n,*PACEHE - nj ecting step, the slurry fills the nold cavity in about
25 to about 100 ns. 29 12 DEC 2006 17. The injection-nolding process
accorsdi ng to claim15, wherein, in the injecting step, the slurry fills the
nol d-cavity in about 25 to about 50 ns. 5 18. The injection-nol ding
process accondi.ngThe lijgichtdb;momhegepiycedst bbeddipgctds ngastkep, the slurry

fi!lS FQ%egg%gﬁ:%ykggth%no%bgHé %ﬁo%oigbqg%igo q?tolgr&%xeghgemi—

‘i njection-nolding proce accor di ng-to claim 150" Wher&im Shédl forces are
creat ed swiltifi flurye sitr ray sguidngrontapectdranng 165-@0 abFhe 1% @ct i on- nol di ng
process acgprgiang to claimls,

10

15. An injection-molding process comprising the steps of:
providing chips of a magnesium-aluminum-zinc alloy;
heating the chips to a temperature between a solidus

15 temperature and a ligquidus temperature of the
alloy to create a semi-sclid slurry with a scolids
content ranging from about 75% to about 85%;
injecting the slurry through & gate portion of a mold
cavity at a gate velocity appropriate to
20 i) configure an injection flow front in
the mold cavity that is at least
partially turbulent and
ii) that is sufficient to substantially
£ill the mold cavity before the slurry
25 solidifies; and
densifying the slurry after the slurry has been
injected into the mold cavity, wherein the slurry

is in a semi-solid state during densification.

30

16. The injection-molding process according to claim 15,
wherein, in the injecting step, the slurry fills the mold cavity

in about Z5 to about 100 ms.

29




wherei n the gate velocity ranges fromabout 50 ms to about 60 ms. 20 21.
The injection-nolding process according to claim15, wherein the gate
vel ocity ranges from about 40 nis to about 50 nis. 30

92 DEC 2006

17. The injecticn-molding process according to claim 15,
wherein, in the injecting step, the slurry fills the mold cavity

in about 25 to about 50 ms.

5
18. The injection-mciding process acceording te claim 15,
wherein, in the injecting step, the slurry fills the mold cavity
in about 25 to about 30 ms. .
\
10
19. The injection-molding process according to ¢laim 15,
wherein shear forces are created within the slurry during
injection.
15
20. The injection-molding process aécording to claim 15,
‘wherein the gate velocity ranges from about 50 m/s to about &0
m/s.
20

21. The injection-molding process according to claim 15,
wherein the gate velocity ranges from about 40 m/s to about 50

m/s.
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