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PLASTI FI CATI ON APPARATUS 5 BACKGROUND OF THE INVENTION 1. Field of the

| nvent i onw@lis®437ogention rel ates to an apparatus for m xi mgTiUsez/Bmpt astic
materials, and nore particularly to screws for mxing nultiple polyners,
whi ch screws can 10 be used in extruders and injection nolding nmachines.
2. Description of the Related Art The pgg pf screws to extrude, conpound,
and injection nold polyner is well kAown. Turning to Figure 1, there is
shown a convent i WHaNC FEEMENTY SEEBFONYQR A $EREVNIFe} PLAYT IHAGATHON | ARFABBTUPner s.
The screw includes three zones: a feeding zone 13, a conpression or
transition zone 15 and a netering zone 17. Screw 11 is housed in a hollow

barrel 19 having a constarﬁAE' mowaﬁ IN'VEWI?Nand a snooth inner
surface. Polymer resin, s pellets,

granul es, flakes or powder, is fiednildc?VEd A AANRENI N 21 in barrel 19 into
feeding 20 zone 13 where screw Tli—\l%'rar’?gng@;g?%{fand t hen push the pol yner
into conpression Renivestionmglatesdp ppapparafusior puging thesmeplaglicmatgnalene 15 and

then conveyedindnoreph@ichiag Z@é@e&ifdﬂﬂﬁiﬁg&ﬁlﬁiﬂ@bb@ﬂle@hﬂﬁ&ﬁdcréw& can
honogeni zed. Afterwards, the hon&gem e i s extruded, injection

3 I 1
mol ded orOpr JESSELH $xtudpRsand &yegt ﬂOIfZilﬂélng?gb@e% screw shaft 23 having a

thread spirally positioned 25 about shaft 23 to formflights 25. Flights
25 are characterized by their h. .. i i ei ght of flight 25
above shaft 23 and by their 35 ,En onf {1 6 iatu?' rP_t ance P between two
adj acent flights ZBhepisasof surews to eytmdevicamipounih endingestign mald apkymer isOD of

screw 11 i ncl i;,,;}pﬂﬁg : fql | : 23,
wher eas t he r?gégf&,' anet erﬁ%t[;’% seclr’te}%vmﬁ%?%ﬁ?ﬁg%\i%gﬁ%ﬁ%&g‘é:gﬁ%1t18623 only,

30 wi t houts i b mgdingandraixingRymerst iThe sirew sapludgs Grepzgnesira 1IN 2onss, 192
Svih .SC'hOS.eS. a n1i3i,<ha&n9ie§§mm_ brﬂcrﬁfs_itidﬁ%{éh@% @lgd Qp}lﬁtérilﬁg@oﬁéql’ﬁxfcfraﬁil(l)ﬁs 3crew,
ich mxing.elenent is shown i.gure e Xi, enent is an
el ongat ed cyll}oﬁﬁeéirm\ﬁh[oﬁog }Légga‘?‘ﬁga?c‘?@t%@ﬁf’rn nG\P‘?‘“ﬁl "??&8 49r ooves 32
and 34 whi ch saicetisinpar sutfade. biolymesesin) whith n8§ beTheny fopmtsuGbagpreblotses 32 are
open at the %}Qnu%s, h%%é%&g?rels%ﬁﬁoﬁé% eﬁjﬂg 2§08y eltlbqnto%e?' t 30
I's Ted ot

from whi ch pdtyner he 'screw e xing elenent and 1 he input
grooves 3@ arzenelldsdgresscravhl bppoieinaek antithen peshaherpalymgr Biteermpressigie
out put grooveg,34safrRe PRSeRls hdlRdSR SorRprebdich 2onéi15%n8 kigRDBhvdyag kg the end
of metering zone 17 where the molten material is homogenized. Afterwards, the
homogenized melt is extruded, injection molded or processed further.
Screw 11 includes a screw shaft 23 having a thread spirally positioned
25  about shaft 23 to form flights 25. Flights 25 are characterized by their depth,
which is the height of flight 25 above shaft 23 and by their pitch, which is the
distance P between two adjacent flights 25 plus one flight width. The outside
diameter OD of screw 11 includes the depth of a flight 25 above and below shaft
23, whereas the root diameter RD of screw 11 is the diameter of shaft 23 only,
30  without including the depth of flights 25.
U.S. Patent No. 3,486,192 discloses a mixing element for incorporation
into an extrusion screw, which mixing element is shown in Figure 2. The
mixing element 30 is an elongated cylinder with a surface that is machined with
surface grooves 32 and 34 which are separated by raised lands 36. The input
35  grooves 32 are open at the end of the mixing element facing the end of the
element 30 from which polymer is fed by the screw to the mixing element and
the input grooves 32 are closed at the opposite end of the mixing element. The

output grooves 34 are open at the end of the mixing element facing the end of
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di scharged and the output grooves 34 are closed at the opposite end of the
m xi ng el woasi437’de | ands 36 forma barrier between the ipapuiSogBBOoves 32
and the output grooves 34, but there is a clearance between the top of the
| ands and t hethe embat §®1tdvearé vaficht padyiver isalischarged afih hemutpuigradves8at 30

rotates wth £8didss 9 th¥ SPodiite g of &%’&eﬁl&ﬁ Pehas I tckm?. T

rotation of the screw 8 I nput rooves 32 of
the m xi ng elmhltb%weerbthennnuﬁéreqyss 7 and, the) s ngeh%u@nt ¢re is &| ear ance

bet ween the |aadgnc3beplééntthe tdpnst tﬂelaw axﬁpmeqﬁsﬂéﬂ@rfa@é bfthelfirRngo out

t hrough the out put .grooves 34. The subjected to a high
sheer 10 st r eS¢ mixing element 3} posates WB‘B\%%FF qu‘l‘é@nthtﬁS féﬂ?ﬂ%‘:rg‘ﬁ and the
i nsi de surf acshafif23. tTie foaitioalof i scheldiféricenmbltarpaiwmet it theshpurent

f d i . . '
Cont L gur a1 onRlS . 35he B Bink Boitoan FRE e SR o elB oo BT 109
hi gh degree oflegsaogrbetweeinsther inds B6end thetinsidiesusface of theebageehdPand gt 15
excessi ve heag, thfle Bﬁ}ﬁutl%}bé{\%r34""”1‘lg‘?51§ﬁ&“ﬁ@ft hé’slﬁ)j’éé&‘asto%efﬂéﬁﬁi?éefon of the

pol ymer. Accor gly, ere Is nee m xi ng screw for-use in

ext r uder s10 an%feﬁhilse’éﬁ wieorsA dettperdhatonef e lands,3g and, bs insidesurtags gh degr ee
of m xing andhe baFBIOBNI Aaditional RYfew Mdin %ielemeﬂpéonﬂgﬂﬁhaﬁﬁaﬂémﬁ)sb@ﬁil ng or
degradati on oge*g)e ggll ygelr.6 4gere is also a need for a screwwith a m xing
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in screw rotatio 0 es
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i nvention relates to an aratus xing thernmoplastic, materials, and

nore parti cul Qi\dlli}JeﬁtéP%@P@Wg maghipgs,thaipchighes vy Sugh degree ohmbing &4 ews can

be used in emcfm@eﬁﬁate«nﬁbumhacabe@ﬂotrgzh@ha&gmms Réaig. or Hegradptial et e 30
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d
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barrel hol |l ow spac t he
barrel hol | owodysaereresindhgonghput |r@tes EMSS@fY PWhat is needed therefore is an

apparatus that will produce a homogeneous melt from multiple polymers without

causing substantial degradation of the polymer resins.
25
SUMMARY OF THE INVENTION
The present invention relates to an apparatus for mixing thermoplastic

materials, and more particularly to screws for mixing multiple polymers which
screws can be used in extruders and injection molding machines. The apparatus
30  includes a barrel having a hollow space therein with a substantially round cross
section and a longitudinal axis, with the barrel hollow space having an inside
surface and a screw rotatably mounted in the barrel hollow space. The screw is
mounted coaxially with the longitudinal axis of the barrel hollow space so as to
transmit a polymer material through the barrel hollow space from an inlet end of
35  the barrel hollow space to an outlet end of the barrel hollow space when the screw
is rotated. The screw has a screw shaft with a thread spirally extending around the
screw shaft so as to form a plurality of flights, and the screw has a zone through
which melted polymer is conveyed. The screw has a flow cross-sectional area



35 the barrel hollow space to an outlet end of the barrel hollow space when
the screw is rotated. The screw has a screw shaft with a thread spirally
ext endi ngwareswmstot he screw shaft so as to forma plurali trgTafsot/Bi3ght s, and
the screw has a zone through which nelted polynmer is conveyed. The screw
has a fl ow crietwesexljacontaflights efithe stewOtBAtG4 8qe tRET FAdBl heiphBMdt theet ween
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shear area candestmngiooyet Eachofithedandsthiasnia tapssusfgeragxtendlingthgiemgfoft he | and
mul tiplied by - THRENLRE; J BRoVESHRsShace of the
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25  surface of the hollow barrel. The clearance between the top surface of said lands

and the inside surface of the barrel hollow space is preferably less than 0.5 mm.
According to the invention, there is a land cross-sectional shear area

corresponding to each land that is equal to length of the land multiplied by the
clearance between the land and the inside surface of the barrel hollow space, and

30  the summation of the land cross-sectional shear areas for all of the lands of the
mixing element is greater than or equal to 95% of the flow cross-sectional area
between the adjacent flights of the screw through which polymer passes
immediately prior to entering the mixing element.



m xing element is greater than or equal to 95% of the flow cross-sectional
area between the adjacent flights of the screw through which polyner
passes iwomadioaz7esy prior to entering the m xing el ement. PETWR00373043798
PCT/ US02/ 37307 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a side view
of a conventional screw, Figure 2 is a side view of a portion of a

conventional m xing el erBREERDESCRIPTIONOFAHWEDRAWINGS si de view of a

m xi ng el ement on re : dli ' tion; and Figure 4 is a
eross-sect i onal vilagRe! ‘%vﬁg%%e%gﬂde‘%"g‘r‘é‘ﬂfms i F gure 3. 10 DETAILED
DESCRI PTI ON The prEigemnt2 is asigatvieynot apartien of acenvaitionabmippgelgmest athat can be
used in an idjKetion nolding machine or an extruder. The m xing apparat us
includes a screw’ with a screw shaft having a thread spirally positioned
about the screw sHageredgs aside view of & yrHngelgmanton a sereyy agaordipg 0 thghe screw
has three zonggentidnf 4RI Ng zone, a conpression zone and a netering zone,
and in use is m)un;.ed in a holl oW (i§,I| nag cal. bariel hgﬁ/i ng a preferably
smoot h i nner cyl i NGBWEANS RETASSHFRHERA AH§hRsthe PHRING £1eGGnf 1%t Bt e wi thin t he
hol | ow barr elFigéesi xi ng el enent is incorporated into the nmetering zone of
t he screw to enhance pol yner m xing w thout inducing 20 excessive
conpression or shear in a polyner being m xed. As used herein, the term

"feedi ng zone" refers to that DERAIBED DESERIBKIONhere the material is

introduced and hasrQlreQeeiRvédtonYelaRS tEfmi ML iSpakdtEs thROda) BB usdSinlant r oduced
in the formaf, polymer pellets, the ets are present eedi ng

.pel l et el | ] he f
zone in thei MRGAAA} m@@lftﬂﬂnkcm’éﬁ%an%g‘?‘ilﬁ%’ Thas mpuRg,RRpRELS lﬁauéﬁr?escrer‘%f ers to
fhat hzone of v']E'ilﬂea lsﬁé@%mFai@?g b&reﬂ&bﬁﬁlﬂﬁﬂ)osﬁt&n@ﬁhﬁ@t@lﬁ@l fevsstad sand el t ed.
n the case of po r .pe r ex e, the p ts_are present in
t he corrpr]éssit&fg%%gﬁirﬂﬁﬁotﬁﬁggﬁ' ﬁgﬁ‘g%%ﬁe Zotnﬁ%iareée%‘ﬁil%z‘?n&% and nol t en
form The waldompodssioneohohddambiaringzons, trd in ushischotrted inschadlawr ot at es ar e
heated in the | : noly ' ) by the
HRARGP B Rad 808 ol i f-RharRG) e Irkibuods, O

screw. The tePm 4o); _ a_ screw where the
mat eri al  hashbseew tatdtste mithinsie haldow harrelp 14 mixipeelpment is incamesdiehi zed. | n

the case of jntg the metering zone of the screw to enhance polymer mixing without inducing

20  excessive compression or shear in a polymer being mixed.

As used herein, the term “feeding zone” refers to that zone of the screw
where the material is introduced and has not been fully melted. Where the
polymer is introduced in the form of polymer pellets, the pellets are present in the
feeding zone in their unmelted bulk form.

25 The term “compression zone” refers to that zone of the screw where the
material is being compressed and melted. In the case of polymer pellets, for
example, the pellets are present in the compression zone in a mixed state between
their bulk form and molten form. The walls of the hollow barrel within which the
screw rotates are heated in the compression zone to melt the polymer being mixed

30 by the screw.

The term “metering zone” refers to that zone of a screw where the material
has been fully melted and the molten polymer is homogenized. In the case of
resin pellets, the pellets are present in a completely molten form. The walls of the
hollow barrel may be heated in the metering zone to help maintain the temperature

35  of the polymer melt.

A flight of the screw is characterized by its depth, which is defined as the
height of the flight above the screw shaft, by its width, and by its pitch, which is
defined as flight length (the distance between two adjacent turns of the flight on
the screw shaft) plus one flight width. If a flight has a pitch of 25 mm, it means



resin pellets, the pellets are present in a conpletely nolten form The
walls of the hollow barrel may be heated in the netering zone to help

mai nt ai n wioe3toesrper ature 35 of the polyner nelt. A flightrcafusobg7sscrew i s
characterized by its depth, which is defined as the height of the flight
above the scrtbay viemfthe sdyyw it ©tateddarive, thadolyiner insthp flighh js mbvedraxiagly defi ned as

flight Iengt ' e between two adjacent turns of the flight on
the screw sh%%ﬁp&gééﬁ‘g&fl ight width, If a flight has a pitch of 25 nm

it means 4 WO 03/Tud'foey @osyscomebasy rbetwren adigrsnt Higbts of pserewss r ot at ed
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OW Cross-secli1 on rea e en . a en . () rew,.] s equa
to the depth Sy a‘f?%‘é&gﬁﬁﬁﬁ‘&? b%‘b%lﬁg nygg%g % %%‘hﬁ@%\fﬁ?ﬁ’éﬁ’ﬁ ;ﬁe &’Hﬁht he inside
5 surface of (Wiroflihe piesh daarbechlcitediblytthgpfolledidp/foitislawi dt h of the pitch. The

width (W of the pitch can be calculated by the following fornula: W=
P(cos 0) - e wheréw'OP(cos0)he angle of the flight versus the direction

et PE et e thi ciene e 81 e gNe A i Oterhltng i lion plrpebdiplifitop! | £, &N
present i nverth¢ longitudinalaxeeof thesiremied 48 the|pitghtandie” ithe tickapsafiie i n t he

zone of aloscrﬂqghfghrough whi ch nelted polynmer is conveyed. The m xi ng
el enent does not restrict the passage of polyner but, at the sane tineg,

induces a very hi gh teeaiaeg §ipafdlsystelic present hvehtivona tHersefedr ineldddbatembodi ment
of the inventli on the.rrixiln eI.egnt I s .l ocat %gf igqtgehrretfﬁi ng _zone of the
screw  The milhEReEHRRelementindiesong )2 ey arugh WHCh R RREFIT the

conpr essi on zonecyede The ntigingeiearenndpez antrestiict the passagaof pallneerrbat,iav dley, t he

m xi ng el ene |.oc, re i . i , Including in
t he nost dow%s Pg@rﬁ:?ﬁ“ﬁ% ﬁ%ﬁ%ﬁ%%ﬁ 61213%{;&”{[& 'Zl;r\l a&??%%fgt ive

enbodi nerls ofemtodimao of thednvénsinn thettaixéng dementghloctted bribe wietdiing zosedi ng zone

and a Conpre%ﬁiﬂ?@s&&ﬁe'[‘f?é'ﬁljxiﬁgel@ﬁ%ﬁtri\'bl\ﬁgrfirgl%l locdMeldht 8r fEaX WhGregh@meNnt | ocat ed

a0t hor a1 CreREPFSAE OB BB AR (T A AEA GIEY  AECTSERel. B be nade
with a feedi ngixanéerhoit] upbe atad elkowixre iisthe metdiig Zohatindledihg i then .
(oL oned by & SRR ARSI 28, B BB HiBoflfal AL 0
pr ef er r edkoentindintions the crewenighthierngestitnafeediof zommand aompressiparzane butof
no metering zone, with a mixing element located at the end of the compression
zone where the polymer has been melted. In another alternative embodiment of
the invention, the screw can be made with a feeding zone followed by a
compression zone that is in turn followed by a very short metering zone of no
25  more than one flight, with the mixing element located at the end of this very short
metering zone.
A preferred embodiment of the mixing element of the mixing apparatus of
the present invention is shown in Figures 3 and 4. The mixing element 40 is an
elongated cylinder with surface machined or molded with surface grooves 42
30  and 44 that are separated by raised lands 46. The surface grooves 42 and 44
preferably have a curved cross section, such as a rounded cross section or the
parabolic groove cross sections shown in Figure 4. The input grooves 42 are
open at the end of the mixing element facing the end of the element 40 from
which polymer is fed by the screw to the mixing element and the input grooves
35 42 are closed at the opposite end of the mixing element. The output grooves 44
are open at the end of the mixing element facing the end of the element 40
toward which polymer is discharged and the output grooves 44 are closed at the
opposite end of the mixing element. The lands 46 form a barrier between the



the present invention is shown in Figures 3 and 4. The mxing elenment 40 is
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portions of tRerthe lands 46. This high shear quickly heats and mixes all portions of the

polymer as the polymer is squeezed between the lands 46 and the interior of the

25 hollow barrel. In order to prevent overheating, and possible polymer degradation,
the thickness of the lands 46 is maintained at less than 2 mm, and more preferably
less than 1.4 mm, and even more preferably less than 1 mm. This narrow
clearance and very thin land width makes it possible to induce a very high degree
of shear in the polymer for a very short period of time. The short duration of the

30  high shear state prevents the polymer from overheating which could otherwise
cause degradation of the polymers being mixed.

Preferably, the input grooves 42 and the output grooves 44 are more than
three times as deep as the clearance between the lands 46 and the barrel 19. It is
further preferred that the input grooves 42 and the output grooves 44 be at least

35 four times wider than the thickness of the lands 46. The input grooves 42 and the
output grooves 44 generally have a depth of from 1 to 6 mm and a width of from 4
to 15 mm, depending on the size of the screw. For example, in the screw
disclosed in Example 1, input grooves 42 and output grooves 44 each had a depth
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25  metering section of the screw. In practice, for screws having a constant pitch, the

compression ratio can be calculated by the following simplified equation:

(depth of flight in feeding zone)
(depth of flight in metering zone)

Compression ratio =

High compression screws generally used for crystalline or semi-crystalline
30  polymer materials have a compression ratio of greater than about 2.5. Standard
compression screws, which are generally used in processing amorphous materials
have compression ratios of from about 1.8 to 2.5. Screws with a compression
ratio of less than 1.8 are considered to have a low compression ratio.
A low volumetric compression screw can be designed according to the
35  principals of PCT Patent Publication No. WO 9/56937 and customized for the
polymer resin being injected molded. In such screws, the mass flow of polymer



20 It has been found that the m xi ng apparatus of the invention is
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addi ti ves. The i nvEetihventios icturtheryillbgratsidsy the fdlowangetampdesadheachi ne or in

an injection mldjn i n C |0 Lan. ' machi ne.
The screw has™ 'é'vr?sgroeuHgmtugg?}z‘}ée@ﬁ@gﬁg%lg%@%%&ﬁp gér“aé@%"r u‘hﬁlﬁ}%g and

i nj ect i oni5rolioivengjonl Madidicatiomef] detail raayplert made withogtideparting:fromibaisdopa has been
i1 1ustrated Wehh @vafticgw having one screw and one mxing el ement, the scope

of the present 1nvention includes a screw having two or nore of the m xing
el ements 10 as descri bed above, or an apparatus having two or nore such

screws. Wile the invention has been illustrated in the context of a screw
having one flight, the scope of th&XAMPERS i nvention includes a screw
having nore than one flight. The invention is further illustrated by the

foll owi ng exanpl es. ThEXANPHEH AN EOMPARATIGE EAMEBLE® poses only and
are not intended to limt the 15 invention. Mdification of detail may be
made wit out deparniBxgmpteoh 4 sreew aogeedingfto theanvenpiontwasrmadexaypyass

used to injection mold a polyacetal thermoplastic resin. The polyacetal resin was
introduced into the feeding zone in the form of granular pellets having a diameter
of from about 2 to 4 mm. The polyacetal resin was Delrin® 500 P, a polyacetal
resin compounded with about 1% by weight added thermal stabilizers and
25  lubricating agents, having a melting point of 177°C (ISO 3146 method C2) and a
melt flow rate of 15 g/10 min by standard techniques (ISO 1133) at a
temperature of 190°C with a 2.16 Kg weight, and which is available from E. L.
du Pont de Nemours and Company (DuPont) of Wilmington, Delaware, U.S.A.
The screw of Example 1 had a feeding zone, a compression zone, and a
30 metering zone, and it had a low volumetric compression ratio as disclosed in PCT
Publication WO 99/56937. The screw incorporated one mixing element as
described above with regard to Figures 3 and 4. The mixing element was located
at the beginning of the metering zone where the compression zone meets the
metering zone. The screw was made entirely of nitriding steel with a hardness of
35 83 HRA and the dimensions set forth below.
In Comparative Example 2, a screw was made like the screw of
Example 1, except that it did not include a mixing element, and this screw was



EXAMPLE 1 AND COVPARATI VE EXAMPLE 2 20 In Exanple 1, a screw according to
the invention was made and was used to injection nold a pol yacet al

t her nopl awoios/osxEsg n. The pol yacetal resin was introducedpcmusor/bsof eedi ng
zone in the formof granular pellets having a diameter of fromabout 2 to
4 mm The polugedttiajectiesmoldihe sieé polydacial B@Eméeplasiicgediy ag ehasbisedrirsi n
conpounded V"ié&rt%l?eoijt | % by wei ght added thernmal stabilizers and 25

| ubricating agents, ‘having a nelti n? oint of 177C (1SO 3146 net hod C2) and
a melt flow rate 1ofe se®wg/used i Examp @{)am%pmmréavm,‘ime@ll@d)thelss) at a
tenperature gﬂué«?%gd‘%éﬁ'bi&as?- 16 Kg wei ght, and which is available fromE
. du Pont de Nenpburs and Conpany (DuPont) of W] m ngton, Delaware, U S A
The screwdof Exanple 1 had a feeding zone, a conpression zone, and a 30
netering zone, and it had a | ow vol umetri cEx@ipk essi of-ampardives di scl osed
in PCT Publication WO 99/56937. The screw i ncor por at dikapipée Zvi xi ng el enent
as descri bed aboveswewiaﬁ?@fd to Figuresspdpgnd 4. The finXi ng el enent was
| ocated at the beginning of the netering zone where the conpression zone
neets the neteringCoppeessiphasaticvelvm@s mald® entirely lo¥ nitriding steel

wi th a hardness of 35 83 HRA and the dinensions set forth below. In

Conpar ati ve Exanpl eh%"i anrgiirew was made |ike the screw of Exanple 1,
except that it did NOtHAUEe a nixing el ement, and this screw was 8 WO
03/ 043798 PCT/ US02/ 3FBght Pitdked to injecti f2mml d t he si@mempol yacet al

t hernopl astic resin ed in Exanpl The scrzeg\ﬁ!gysed in Exanple |
and Conparative Exarrgﬁ%h@?gg the foll ow%%ﬁglll nensi ons: Exanple 1
Conparative Exanpl eFRw Gossespctionahdres 30 2R B mm  CERFHEFS  on rati o
(volume) 1.55 1.55 Metering Zone Flight Pitch 42 mm 42 mm Flight Depth
2.6 M 2.6 mm Flow cross-sectional Area 92.0 mm2 92.0 mm2 M xi ng El enent
Nunber of Lands 8 - Mixing Element

Number of Lands 8 -
Land length (L) 50 mm -
Land width (at top) 0.7 Mm -
Clearance (land tops —barrel)  0.25 mm -
Total Shear Area 100 mm” -

Shear Area/Metering Area (%) 104%

In both Example 1 and Comparative Example 2, the screw was used in an

injection molding machine having a 150 ton clamping force and equipped with a
30 mm diameter barrel. The barrel was connected to a two cavity mold tool

10  having a volume of about 40 cm’. A molding cycle time of about 1 minute was
used. During each cycle, the screw was turned for about 4 seconds at a rate of
190 rpm to move molten polymer into an accumulator portion of the barrel
located between the end of the screw and the mold cavity. The screw was then
advanced over a 6.7 cm stroke so as to inject the accumulated polymer into the

15  mold cavity. The polymer was allowed to crystallize in the mold cavity for about
55 seconds before the molded article was removed from the mold cavity and the
cycle was repeated. The total screw output was 55 kg/hr. The barrel temperature
was set at 200°C in the feeding zone, 210°C in the compression zone, and 215°C
in the metering zone and accumulator section. The temperature of the mold was

20 setat 90°C. In Example 1, the temperature of the polymer coming out of the
screw was less than 2° C greater than the barrel temperature, which demonstrates



Land length (L) 50 mm- Land width (at top) 0.7 Mn- C earance (land tops -
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total length of 16.6 cmvvlth a restricted portron H’WnB cmlong, 1 cm
wide and 4 nmthick., Durin ach nol ding eration, ar ni ng screw
first dosed the pol ?ﬂ%kﬁﬁﬂnﬁ’t 6FECst oppi Pand t hr PAg 6.7 cmin an
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Elongation at Break — average 58.0% 48.7%

=N

15 The consistency of the result for the elongation at break is good indicator
of the homogeneity of the polymer melt that was used to make the bar. It can be
seen that the minimum elongation was 18 % greater for the bars made with the
screw of the invention than for the bars made with the screw of Comparative
Example 2. It can be seen that the increased consistency obtained with the screw

20  of the invention was not achieved at a cost of degradation of the polymer which
would have reduced the tensile strength of the test bars.

EXAMPLES 3 ,4, AND COMPARATIVE EXAMPLE 5

In Example 3 and 4, a screw with a mixing element, as described above in
25  Example 1, was used in the injection molding machine of Example 1 to injection
mold polyacetal thermoplastic resin compositions of the same formulation, but
that were introduced into the feeding section of the screw in different forms. In
Example 3, the components of the composition were pre-compounded in a
separate compounding operation prior to injection molding. In Example 4, the
30 components of the composition were introduced directly to the injection molding
screw without a prior pre-compounding operation. In Comparative Example 5,

10
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result for the elongation at break is good indicator of the honogeneity of
t he pol yner nthkinjedimn meldingseathine usekia Examphesr3. andt4 wasuseé to sgeetioh hat t he

m ni mum el on ' : 9 - f a ] screw of
the inventi o%ﬂ%‘nane ﬁ@?lpé %80/1%%@%7%513 O%EE( %i‘gﬁ?g‘ ’ é@rtggvgﬁ?wa%%%%%g Fve Exanpl e
2. It can be sseamof Gemparaéve Pxameple dawhish didnat incjudsimixingiclanet. t he screw 20
whi ch woul d have Teanele RIEUERoRIR ERTID . B B i ol A AWPLES

, e tes ars.
3,4, AND COVFIQROIYTIES f@ﬂﬁ#ﬂ&@osowe%%&wgft roE?,ea th ¥AVEFAS a i xi ng
el legpnt : ashplﬁsmeﬁfebe@b.ab?maﬁdﬂa galfssibx aRpibatidn ?Z\mﬁfwedeé fanging fiony ef:t i on
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conpoundi ng operation prior to Injection Ing. In , the 30
conponent ¥ ofstabilézespanddubticaing REFIEs-i nt r oduced directly to the injection

nol ding screw W tI@xhmpld3, ity thefrBoplaaib easithided wal Eedid®B00 Pphofyasaar at i ve
Exanple 5, 10 WD 0@{5%(4 798  PCT/ US02

37307 the injection i ng machi ne
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resi nI of 2Exanq2éi%htéh.,ddhhﬂ1etrhﬂ seabilersumed dubsiatifdezenscarebwhich Goavadatde i ve
Exanpl e 2, c Ay e X . .
oot ot e B B L Wy O RS Bl CERfiind ST 0#5‘*}%%?%’%%?%“%’9%%
horopol ynisr iU StAe Thispm-odmpiunded ecsiiswasi in theaform wé geagular peliatehayingf 0. 25 mm
and a gaussi %gﬂé@féfﬂ)&ﬁ'ag&rt(%ftoﬂ%ﬁﬂ, it RAZ EmeltRBFHM of i #/C @s@81a81 to 0.50

mm Thermal stabilizer an ubricating agents I n fine powder _formwere

mi xed with tHeethed GAlada meit dloyyatenf lgrg/ mEpettangridteehnigies (358 i xi ng
bl ade to formi3n) a\sekmbérafiir& b CORE 4 g.ethgfwa%thhé pre-asiagsintingroral 10
stabilizers af d Iutfrlcatln agents. én E>a??ngle . the thernoplastic resin
used was Del rP‘?}ftP'?a 266 aﬁdﬂgﬁrk?gtd’é% dgents g oqn 5’%‘6@9’8‘5}%?@ W@T“éeﬁgﬂﬂgﬁnpol yner
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| ubricating et ﬁ\ﬂunéaﬁng hgen%svl?rlﬂ:ieﬁpfnqhe composition of Example 3 were

the same as those used in Example 4 and Comparative Example 5, and these

components were present in the same proportions in the pre-compounded
composition of Example 3 as was used in Example 4 and Comparative
25  Example 5.

In Examples 3, 4, and Comparative Example 5 the resins were injection
molded with an injection molding machine having a 150 ton clamping force and
equipped with a 30 mm diameter barrel. The barrel was connected to a two cavity
mold tool having a volume of 40 cm’. A molding cycle time of about 1 minute

30  was used. During each cycle, the screw was turned for about 4 seconds at a rate of
190 rpm to move molten polymer into an accumulator portion of the barrel
located between the end of the screw and the mold cavity. The screw was then
advanced over a 6.7 cm stroke so as to inject the accumulated polymer into the
mold cavity. The polymer was allowed to crystallize in the mold cavity for about

35 55 seconds before the molded article was removed from the mold cavity and the
cycle was repeated. The total screw output in Examples 3, 4, and Comparative
Example 5 was 55 kg/hr.

11
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a vol ume of 490]19'?@01 aﬁ‘g?&%«]: gf%u?&’f’étﬂofdﬁ Paﬁ%ﬁ%b‘xtmgn NHiEreRlcWass used.

During each cyc SCrew was_ tur ne or a séconds at a rate of
190 rpm t¥ novere pispaEed asenrgingito 196 894 and bad tetal dangth ofoka.6 e vith & he barr el

| ocat ed bet wagstritteg &Fﬁién(@matmﬁ 8B Ritg 2Nén tAge A Amepitiidky. The screw was

t hen advanced ov cm sthgf “g %s to In‘JF ect aiccu | at ed pol yner
into the nold ca ens’llﬁé’aﬁdm} Wi £3%3 SCReY & mbdroi}gi’é? %n the nold
cavity for abensile3stib aceeding o 1S€f §27e1.t Tiee medtdattabproperties Matheteetreﬂved from
the nol d caviy ycI e was repeated. The total screw output in
Exanpl es 3, i’,a}ls‘g%gé%?r(gg’r“gtlve Exanpl e 5 was 55 kg/hr. 11 WD 03/ 043798
PCT/ US02/137307 |In Exanples 3, 4 and Conparative Exanple 5, the barrel

tenperature was set at 200C in the feegidﬁgbngne Exanide 4 N 0¥ £ @Ps €ssi on
zone, and 215C in the netering zone and accunul ator sectign. The

tenperature oflcpfile Stpgthmavesas® at 90€ MPA eact/2d¥Bapl e, PMPénperat ure

of the pol yrreM&merlga@bg eof the 5 screwoms | ess3 Gran 4 @p@p@t er than the
barr el terrper%fl'ure demonstr at es hat the ss caused

é Iy, xi ng pr,
little additi gaﬂ%‘h?tl ﬁali)fnllﬂ‘gl%l yrigt mel t eVl when tRe®mi xing el ement
was used i n EBwnghten 3t Break 4 maRigurhonetShaped t éiishl e t estS3ehs wer e

injected nol d%ﬁﬁﬁ}i@&#{‘éﬁgggﬁr{%@ bg:)lsﬁ'él%p{mat RIALe of §13Q,}At one nol di ng

operation per ensi re pfepared accordl ng to | SO
294, and had total length of 16.6 cmwith a

The consistency of the result for the elongation at break is good indicator

of the homogeneity of the polymer melt that was used to make the bar. It can be
seen that with the screw of the present invention, the minimum elongation for the

20 pre-compounded composition (Example 3) was not reduced significantly when the
compounding step was eliminated and the same components were fed directly to
the injection molding screw (Example 4). However, when a screw without a
mixing element according to the invention was used in Comparative Example 5
and the same components were fed directly to the injection molding screw, the

25  minimum elongation at break decreased by more than 20%. It can be seen that the
increased consistency is obtained with the screw of the invention even when the
components of a resin formulation are not compounded in advance.

An advantage of injection molding directly from individual components is

that a separate extrusion compounding operation is not needed to combine all of

30 the components of the formulation of the resin. The compounding is done in the
injection molding unit. This process produces molded articles with mechanical
properties equivalent to what can be produced using pre-compounded resins.
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restricted portion that was 8 cmlong, 1 cmw de and 4 mmthick. Ten
tensile bars nolded with each screw were randonmy selected for tensile
testing awoas@usrgsto | SO 527-1. The nechani cal properti es pofi/use313est ed
bars were as follows: 15 Exanple 3 Exanple 4 Conp. Ex. 5 Tensile Strength
- average 72 M t@ thidfaxetdor) theRacchhidallpnaperticawaralpaved, 3pégpally3h8 GPa 3.1 GPa

El ongati on at - mni % 40 2 0 i ak - maxi num
65 % 71 % 53. f’égﬁ%%@@"é‘ﬁ%ﬂadﬁ tgﬁ*’%é‘?‘hﬁrg"é% E"_n-{glgexﬁx,eor( %k’%?%%%"g%t%%‘%ﬁgs% The
consi st ency dnjected intedhg tensilgrbarsy Susprsigly.iibeande spercthrt the elpssatiangddi cat or  of

the homogeneidptaiofor enblaty AicletRAde difeedy HE® 2488h intx HBYSRydcB@l, BRdrmal t can
be seen that Wgth t he screw of the,presenlp%ﬂ%entlon Nni_mum

) th
el ongati or f ottabilzersgnd Jpbricaling agenivis sebaiasie ﬁmPﬁﬁéﬂﬁW8F§$hmﬁs not
reduced si gnidrticladinhye Sbgrpré-bempoatipd pelthtef thé epmeasn®sitionnat ed and t he
sanme conponents were fed directly to the injection nolding screw (Exanple
4). However, when a screw without a mxing elenent according to the
i nvention was used in Conparative Exanple 5 and the sane conponents were
fed directly to the injection nolding screw, the 25 m ni nrum el ongati on at
break decreased by nore than 20% It can be seen that the increased
consistency is obtained wwth the screw of the invention even when the
conponents of a resin fornulation are not compounded i n advance. An
advantage of injection nolding directly fromindividual conponents is that
a separate extrusion conpoundi ng operation is not needed to conbine all of
30 the conponents of the fornulation of the resin. The conpounding i s done
in the injection nolding unit. This process produces nolded articles with
mechani cal properties equivalent to what can be produced using
pre- conpounded resins. 12 WD 03/043798 PCT/ US02/ 37307 Prior to this
i nvention, the mechanical properties were |ower, especially the average
el ongation to break due to unnelted or unm xed particles that were
injected into the tensile bars. Surprisingly, it can be seen that the
el ongation to break for the nolded article made directly froma rough m x
of polyacetal, thermal 5 stabilizers and lubricating agents is
substantially the same as that of nolded articles nade from pre-conpounded
pell ets of the sanme conposition. 13

13



WO 03/043798 PCT/ US02/ 37307 We claim 1. An apparatus for extruding a
polymer nelt conprising: a barrel having a holl ow space therein with
subst ant iwblog/oszTesid cross section and a | ongitudi nal axi ecTamoz3izarr el
hol | ow space having an inside surface, 5 a screw rotatably nmounted in the
barrel hollow space, said screw being nounted coaxially with the

| ongi t udi nal Wgickimf the barrel hollow space, said screw nmounted for
transmtting a polyner material through the barrel hollow space from an

inlet end of the jbag(y gl;spmg fgyveﬁgﬁﬁ@gdg folRebl 8bmpRénef the barrel hollow

space when the screw | S rotated, said_sciew having a _screw shaft with a 10
thread spirally &bagsbavings bellay snaee thereiqwit gylgstag)élaggrqlgl\gfcgqsw%ptﬁgpur ality

of flights, andiadosgfudiMahams,Rgidbazeriollohs Puedhavirigcdn inBide eetfRe) ymer is
conveyed, _the screw havi nz(iqola fl ow crﬁ% -selcl{ ilonal ar ea bet\/\q{en adj acent
flights of the <SSPERY (OIRROlY mougigdin sofﬂg UG iPasts SUASTEN M e scr ew

t hread of thenaditalmakiafly wgthtthe longitedidal aatsef ¢het baerebbolbow spnaé.tsardul ti pl i ed by
the wi dth bet | | gk | r 'er]%n% jon within
the zone thr 5%&%%%&%%%%@%@%?@%8ﬁ@e%3%c slci?diportion S
wi t hout a scrspeeetfrme an indeiendiod the barrel kalloaspaghigran quilehendpfihsdasesl el ement

having an i nligflogngad wkaltRE sdrowad tdtée shib s&ewaiadingfa sctdwestagrwied a hol | ow
space and an outle nd directed toward the outlet_end of the _barrel
?ﬁﬁyieﬁ@ éﬂ?ﬁi@’d"fs

hol I ow spice,theead pi nding HEatind dhesorevesiedt so@s Lo fria urface
ext endi ng abdughts heidseremhshad & zérdeahrough whivhxhelted wolymdrhecawewad, shaf t, sai d

drum shaped surface having a plurality of jnpu r ooy QN t um shaped
surface extendi ng™d {8 b%‘ﬂ% 3?11%7 A%z Ct&ﬂnraie%r%%%%\%ﬂ %‘ﬁécre(r)lg@/l@ngé) fglﬁlel ngs a!to
the inlet endcmv thitds el tythelradigiteight thatithe ngrew threedwéthe2djacent flights i ng
before reach 'eﬂ&nﬁb?oo%ttﬂe%crﬁf cha®f mhiRG1iEd By g vﬁhﬁ'ﬂ%ﬁ&ee&%ﬂ#}qeﬂ 'tghts haped

y of out put e dru

surface having a pluralit ] _grooves on t C shapeéd surface
ext endi ngl3i n a gemridsatemhayinga partiprwithsrihorzens thipugh ydichyeeltsdgolaper; he
outlet end ofis tdifefdddRigh Str8wWRRktionSS Withewt didtew Sir@AVRE wiRkhBatieng before
reachi ng the gé t end .OE t tIe mt i ng el e tnt , 30ct§ 0d é real | Lé/ fo out put
grooves alt ersh ?‘H’ﬁ‘s\ﬁnr’é“l’f & et E‘?Yi‘ﬁgta?/ gt end dire @# (%# Jpie ’l‘ﬁ%{:t sai d
i nput and outthebargl boN®@s space andah botley ead dir¢dtedetaoiard the loetiet@nd of thepor ti on of
o coves and SUTRUPIRSiRI: S TRRbe AGRER SHbRIAL 12 ° T Coves F rom Sai d
out put groves, the | emglrtnneﬁlap@lfﬁm#g@ﬂﬁmmgﬁéﬁoﬁgﬂ@mmﬁ@ﬁéhqtﬁ equal to
the Iength of the GanLi GHIPHR LRW IR,
said drum-shaped surface having a plurality of input grooves on the
drum-shaped surface extending in a generally axial direction with groove
openings at the inlet end of the mixing element, said input grooves
25 terminating before reaching the outlet end of the mixing element,
said drum-shaped surface having a plurality of output grooves on
the drum-shaped surface extending in a generally axial direction with
groove openings at the outlet end of the mixing element, said output
grooves terminating before reaching the inlet end of the mixing element,
30 said plurality of output grooves alternating with said plurality of input
grooves such that said input and output grooves are contiguous with eagh
other over a portion of the surface of the mixing element,
lands extending between said input grooves and output grooves
that separate said input grooves from said output grooves, the length of
35 each land being substantially equal to the length of the contiguous portion
of the adjacent input and output grooves, each of said lands having a top
surface extending the length of the land that has a thickness between the
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of the adjacent input and output grooves, each of said |ands having a top
surface extending the length of the |land that has a thickness between the
14 WO 03/Wo338837CT/ US02/ 37307 input and out put grooves @CTIEs®313ban 2 mm
each said top surface of said I|ands extending toward but not touching the
i nside surface of inpet dndloutput glvevesedf lesshiranc? mar, aachesabbtops eﬁa@aﬁhaﬁiop

bei ng I ess than 0 Bd AdldhRoWAR! f1E a0 SRS Ind Qe B B BV PEECe
area correspondi ngbdﬂ@l teeyelparprgedetwieen cach togsatfacefisaiddaisand theansided

mul tiplied by the éiﬁﬁé‘é@ﬂﬁ@bax%ltﬂb%ﬁst&Heﬂ%lé&értﬁﬁP@SQ{mt he land and the
i nside surface of the b hol | o pace, and tgqarsummtl on of the I and

cross-sect’i onal shear §1nft]6‘°rreéﬂ‘}138$°’i°ﬁ%sqc3ﬂ’é@ f¥sa crrgspegdisedrent i s
gLeat gr t han ?lf eqsaahlatna B0 % fual %Qeﬁé‘!l&oﬂrl]l@\l‘arﬁrrﬁ@lﬁpﬁﬁtﬁyEh@@leaﬁh!h@@ be'([jWeenl
t he adj acent ig r i C es Jjmediately
prior to enteri ngqﬁi‘g th?ﬁo Eflg‘éeh%éfp Paﬁg eé?)sb‘g %%%568?%8%3V?ﬁ 1 wherein
t he summati on of tMoM@pdce;ﬁm@ﬁleBﬁm%bnoﬁﬁie latdeaossaseeticmnal sireandreanf t he

| ands of the m xi QP4 fl ow
Cross-sectional aplgéagg?ﬁv\lgg%dﬁog{ 3{1&{ étéq&??msrﬁrgﬁ%ﬁ&é@f%&/jsf}rgu h

whi ch pol ¥mer pasdbe PWr%QﬁSéP‘él(ylab@fPQ)?ettvéeféﬁhﬁéiiJla?let flightpfithe serew| enent 20
3. The apparatus ahroabRiwhich Mﬁﬁ&*ﬂhsstebﬁnﬁl@mwlﬁibr% ehtefing ﬁﬁdm&mgss-
sectional shear areas for all of the |ands of e m xing elenent 1s between
100% and 120% of $HE™M ow cross-sectional area between the adj acent
flights of the screw through which polyner passes imedi ately prior to
entering the mxi 2 wherein the
summat i on of the%n a@ﬁ%@@% osfég onalP3 elﬁ%%ﬂma%og%gﬂealﬁ?rﬁ8rPSSt'he | ands of
the nixi ng elseetiomal slwagare@tbr ali héﬂnedﬁnds efithaimiximgdend is grhater thawor

ci oss- seat| oAb aa0AIr el RS A RAardd elch (AL od nt AR OUOD

whi ch pol ynmer ‘passes | mredi ately prior entering t m Xl enent .

5. The appar &CT8¥ téhr%hawmpmmqﬁseéa@med@&lww@@ntsvrmgmemm ext endi ng
t he | engt h ofeldnent! ands have a thickness between the input and out put
grooves of between 0.2 mMmand 1.4 nmm and said | and cl earance between the
top surface of 35 said | ands and the inside surface of the barrel holl ow
space is 20n the r3arie apparatus of claim 1 wherein the summation of the land cross-

sectional shear areas for all of the lands of the mixing element is between 100%

and 120% of the flow cross-sectional area between the adjacent flights of the
screw through which polymer passes immediately prior to entering the mixing
element.

25

4. The apparatus of claim 2 wherein the summation of the land cross-

sectional shear areas for all of the lands of the mixing element is greater than or
equal to 102% of the flow cross-sectional area between the adjacent flights of the
screw through which polymer passes immediately prior to entering the mixing

30 element.

5. The apparatus of claim 1 wherein each top surface of the lands extending
the length of the lands have a thickness between the input and output grooves of
between 0.2 mm and 1.4 mm, and said land clearance between the top surface of

35  said lands and the inside surface of the barrel hollow space is in the range of
0.1 mm to 0.3 mm.
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0.1 mto 0.3 nm 15 WO 03/043798 PCT/ US02/ 37307 6. The apparatus of claim
1 wherein the screw zone through which nolten polynmer is conveyed incl udes
a neteri ngoaone37ps oxi mate the outlet end of the barrel amdTiuse2sisai ng
element is located within said netering zone. 5 7. The apparatus of claim®6
wher ei n t he net er6.nbhezapperahaofolaiodi wikerein diss screwnzortebroagh svhichrmhelpsai nt

bet ween | he JMIARLS SISOl FRLEHLRIoASIS A0 bIBuD Sngus] ement s

| ocat ed bet and errng zone directed
toward the mbaéltel éfrdjthémltﬁmé ehramené s lneatedowithip seid metering zonke appar at us of
claim7 wherein the mxing elenent is proximate the end of the rreterlng
zone directed toward the inlet, end of the barrel holl qw space. The

appar at us of cl ai i BheAPERBIS ofislaim 6ruherein shemeterng Zenehss eppgsife s7d%npr essi on
zone, and V\h@e[rﬁltﬁerbhﬁaﬂhai jont ®ktvides thﬁ)dppﬁﬁtsﬁndaofihbgmemﬂ“g Aone ah &l ng 15

zone to the vol une .of n the ss than 1.8. 10.
The appar at usBBInESIEgILES %ﬁ%ﬁeé vk S it A e e eleHRE paies;

t hree i nput glicotedsoward the inlet @sd of the berrdltofluw spacwoves. 20 11. The apparatus
of claim10 wherein the mxing el ement includes at least five input

grooves and at |east five output grooves. 12. The apparatus of claiml
wher ei n t e hol | & Bisaappagtustof elaia /rveergin theapixingelpment| iy prorimpateitheos 13, The

appar at us of gldajrMelm¥bBhEiihelR-RARAAH Bk ihRet BRI bf thE bﬁrmbmerspa&xtruder
14. The apparatus of claim 1l wherein the apparatus is the polynmer extruder

30 of an injection nolding machine. 15. The apparatus of claim6 wherein
the netering zone.Hh® apparatus@fchian 6 wiecih thegidtewahdts afoeding Rodevddni Xi ng

SLLULUE Oc%?r{perzgss%gl zE)rrllee afd thh%%eu? &1% r&io (gfklﬁe vOTEe" 'fnghléhq the%gedjﬁ?g

15  zone to the volume of a flight in the metering zone is less than 1.8.

10. The apparatus of claim 1 wherein the mixing element includes at least
three input grooves and at least three output grooves.

20 11. The apparatus of claim 10 wherein the mixing element includes at least
five input grooves and at least five output grooves.

12. The apparatus of claim 1 wherein the hollow space of the barrel is
cylindrically shaped.
25
13. The apparatus of claim 1 wherein the apparatus is part of a polymer
extruder.

14. The apparatus of claim 1 wherein the apparatus is the polymer extruder
30 of an injection molding machine.

15. The apparatus of claim 6 wherein the metering zone has no more than
one flight and wherein the mixing element is located at the outlet end of the
metering zone.

35
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