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M aterml and technigue of SKFM 0 heat-
resstant vem culr won exhaust m ank
fold

JIN Yong-Xi
(Shanghai Sandman Foundry Co., Ltd.)

Abstract: SEMo vem cubr fon B an dealm aterial for exhaustm anibb thatworks n high
ttm perature and them alcyck conditbns because its propertes ofthem alfatgue resistance and
them aldsbrtbn resstance are spnificantly betier than thatofgray cast fon and nodubr won.
Thi paperexphins thatthe vem cubrity of SiM o vem culr kon B betier © be contolked ap-
proxim ately © 50% for the applcatons ofexhaustm anifol castings, and generalizes the suc-
cessfulexperience ofvem cubrizing tchnigue thatuses sandw ch (pourover) process com bin-
ng w ith cored-w e hpcton n tough process bgether, and uses rare earths-m agnesium -silcon
as vem cubrizing alby n D ba high speed m obing lne and autom atc plig rod arpressure pour-
ing fumace. Ih additbn, the paper ako descrbes the m ethod © sole the shrinkage hok and
porosity defects n the exhaustm anio bl producton.
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E xhaustm anifold i an outket of waske gas w ith passages

fron an engine. Because high tm perature of waste gas
exhausted from engine, this thin wall com ponentw ith m ultip ke
maniold passages B usually made of cast won type of
materiak except a quie fw of them still fbricated of
stainkess steel phbte. G ray cast iron was applied a bng tine
ago, but itwas easily them al dam aged or cracked under the
aliemative them al bading conditions of cooling and heating.
To sole this probkem , vem icular graphite cast won has
successfully replced gray cast iron in the position ofexhaust
maniol application. For this reason, it i necessary © do a
briefanalysis on the m aterial specification and technology for
exhaust manibld components applied fr engines, N
particu bar for aut engines.

1 Matrmlspecifcaton ofexhaustm anio
and them alfatgue property ofSEM o
vem tu brheatressantcastion

11 Them alfatgue property ofcastiwons and

optim alvem cukbrity range ofvem cuhbr
castion exhaustm aniH

As known, an exhaustm anifold from engine usually operates
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under alemative temal cycks of quick-cooling and
quick-heating. Because of restaning of cycling stress
produced during alemative themal expansn and
contraction processes, them al dam age usually happens. The
heat-resistantcapability of gray iron casting against fatigue s
bwer, owing © that both the precipitation of oxies and
carbon fiom pearlie over 500 and the austenite phase
transiom ation over 700 . A llof these factors can be enable
1 cause an exhaustm anifold dam aged or cracked earlier.

1.1.1 The factors of influence on thermal fatigue

property of casting

In sandpointofm ateriak science, there are so m any facbors
that can aflect casting them al fatigue. These factors can be
expressed w ith the ollow ing orm ula:

R AMA

RSTETC £ AT Ko ) !

W here
RTS - Capability againstthem al fatigue
E - Modulusofekbsticity
R - Tensik strength
AT - Tem perature drop during them alcycks

A - Ebngaton

K - Stress concentration coefficient
A - Them al conductivity

o - Them alexpansion coefficient
M - Density

Among them , depending upon variab ke graphite m orpholbgies
in ion castings, the influence factors ofthe stress concentration
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coefficentK can be furtherexpressed as:

K=f{& } ®

I - Length ofgraphite

d - Spacing betveen graphite phases

p - Cuwature radus atthe ends ofgraphite phase
As sen n te omulke above, the beter them al fatigue
property can be achieved if a casting material has higher
m echanical properties, higher themal conductivity, bwer
them al expansion, bwer modulus of ekbsticity, and bwer
stress concentration coefficient.

Afer com paring the influential factors betveen gray cast
iron, verm icular cast iron and ductik iron, various param eters
and coeficents rekied © themal ftgue analyss are
summarized n Tabk 1.

1.1.2 The advantage of vermicular iron in the heat
resistant capability against thermal fatigue over
ones of gray and ductile irons

Afer analyzing the param eters above, the capability of gray
iron against them al fatigue i the bwestand m ore easy © be
dam aged and cracked under them al cyclks because of its
bwer tnsik strength and ebngation, higher stress
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concentration coefficent, and worse capability against
oxdation growth, although ithas advantages in betier them al
conductivity and bwer ebsticity modulus. Ductik ion,
because of its higher strength and ductility, bwer stress
concentration coefficient, has rehbtively higher capability
against them al fatigue, but bwer capability against them al
deform ation because of its higher ebsticity modulus and
themal conductivity causing lwer creep resistance.
Vem kcular cast iron has rebtively higher capability against
them al fatigue than gray iron because of its higher strength
and ebngation and lower stress concentration coefficient, and
has relbtively higher capability against them al deform ation
than ductik ion because of its higher them al conductivity
and bwer ebsticity modulus. Therebre, the application of
vem icular iron 0 exhaustm aniold has advantage over both
gray ron and ductile under the im pact bading conditions w ith
quick-cooling and quick-heating.

The them al fatigue property of vem icular ron B manly
associeted with vem kubrity, matrix m kcrostucture,
maximum fem perature and speeds of heating and cooling n
cycks. The influence of vem icularity on them al fatigue can
be drawn from Tablke 2 M, Tablke 3 &?and Tabke 4 El.

Afer analyzing the resulis in Tabk 2 trough Tabk 4, the
Pollbw ing points can bew ithdrawn:

Tabk 1Varous param eters ofthree castirons

Them alexpansn coeffcient

Them alconductivity

Tensik stength E bngatbn E bstcity m odulis
Maerab MPa Ex 10° MPa
G ray ¥on 100-350 10 75-155
Vem cubrion 300-500 15-80 14-17
Ducik won 350-900 3.0-25 16 5-185

ax 10° W A k
11-12 50-67
12-14 36-48
11 3-13 25-40

Tabk 2 Com parsons ofthem alfatigue properties am ong various castirons

Chem calcom posibn,w th%

CycEk#,crack nitelzed

Si s RE
G ray on ({T200) 330 152 004
Vem cuhr won,VG 90% 380 267 0018 0070
Vem cubr won,VG 50% 365 372 0014 0099
Ductik on 367 251 0005 0085

250-500 250-700 250-900
100 7900 340 350 460 80 100 180
0.0013 30 11250 1200 1300 1650 460 640 450
0.0024 50 15760 1250 1900 1800 680 660 640
0034 g) 75 18000 1100 1400 1800 620 550 640

Tabk 3 Com parsons ofthem alfatigue properties am ong various vem icu krizing albys and vem icu krities app lied

C astiron specifcatbn and types of Vem cuhbnty Tem peratures and cyck % ,crack nitalzed
vem tubrizing albbys % 250-500 250-700 250-900
. HT200 7900 350-460 80-180
G ray rons
HT250 350
RE-SiFe alby 90 1 000-1 200
112 1200-1 -
RE-SiCa-Fe alby 90 50 00-1 000 450-640
} 50 14 500 1 250-1 900 640-680
Vem cubr
) J aTESEFe alb 90 8 000 280-420
ons = ea
E o 50 19 000 900
. 80 630-920
RE-Mg-TiSkFe alby
80 1 300-1 660
Ductik won 18 000 1100-180 620-640
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Tabk 4 Them alfatigue properties ofm ©-silicon heat-
resstantiron,ductik iron,and gray cast

} _ Cyck #
Graphie  Femie (miklcrack om ed )
m orphobgy 100-800 20-900
Noduhrity, 95 298 6
. 90%
Ductike ron .
Noduhbrity, 95 180 6
80%
i Vem cubrity g5 160 14
SKMo
60%
Vem cubr Vem Eukriy
R 95 150 17
75%
D-type 95 40 3
graphie
G ray ron
A-type
graphie 95 42 9

@) The maximum temperature n themal cycks has
spnificant influence on temal ftigue property. The
maxmum fem perature sufiered by the iron can snificantly
cause the cycke num ber, cracks nitialized © be bwered. For
nstnce, conceming with te vem iculbr ion  with
vem icularity at50% under250-500 ,the cycle num ber of
nitial crack om ed B at15 760 cycks, but, itdrops 1 about
1800 cycks once the maximum tem perature reaches 700
ie,nthe250-700 range.

@V nder bwertem alcyck €m peratures,eg.,250-500
the themal ftigue property of gray on B the worst,
vem icular iron B n the second, and ductik won i the best
Under higher cyck ftemperatures, eg., 250-700 , te
difierence ofthem al fatigue properties between gray iron and
vem icular won becomes more sinificant As a result,
vem icular ion has the property betier than gray iron and
sim ilaro one ofductile iron.

@A lthough ductike iron hasbetier them alfatigue property, it
has worse capability against them al deform ation. U nder the
condition oftendency w ith lrger deform ation and restraints, it
5 enabke © nhduce higher ntemal stress and prom oe the
nitilization and developm entprocesses ofa crack .

113 Optinalrange ofvem cuhbrily h exhaustn anib bl

castings

From Tablks 2 through 4, the capability of verm icular iron
against them al fatigue ako has strong rektionship with
vem icularity. W ith bwer vem iculrity, both nodu brity and
them al fatigue property in vem icular iron increase, and once
the ver icu larity s atabout50% , the them al fatigue property
reaches the best, even betier than thatofductike fron.Them ain
reason B atirbuttbk © higher themal conductivity of
vem icular iron w ith 50% vem icu lrity than thatofvem icular
iron w ith even higher vem icubrity and thatofductike iron B,
and ako atiributthlke © higher nsik strength at elevated
Emperature than tat n vem cubr won wih 70%
vem icu brity. Thereore, for exhaustm anifold under them al

fatigue bading, the verm icular ron w ith 50% verm icularity is
the conrective choice.

0n the other hand, it s actually difficulto m ake vem cular
iron In production w ith higher vem icu brity, eg., higher than
70% . Since typical wall thickness ofan exhaustm aniold for
au s usually kss than 4 mm, it B S0 easy © sufier flask
graphite probkem atflange ports ifthe vem icubrity atpipe i
over 70% . So, o control the verm icubarity in vem icular iron
exhaustm aniold casting within 50% i ako reasonabke and
feasb k in the production.

114 VarebEk vem cubriy ranges ©rvarebk castngs

For the applications of engine blck and head castings, the
situation i quite diflerent. For instance, an engine cyliderly
head usually has very complicated structure, varieble wall
thickness, and even higher tmperature and bcal water
cooling applied. Ifan albyed gray iron s utilized or the head,
because of its bwer castbility, itm Dhtencounter cracking or
kaking probkem at the gas passage walk nearby oil nozzk
area. Ifa vem icular iron b applied n the case, itcan sobve
the cracking and kaking probkms because of its higher
strength and im proved castbility. Engine cylinder blbck B
s ilar © engine cylinder head, but larger in size and m ore
complicatd n stucture. To reduce weight from it, higher
vem icularity, even 80% or higher, is usually © be required
for achieving higher strength and bwer sensitivity © wall
thickness, as well as higher themal conductivity and
castbility.

Because of quite difierences in application conditions and
the technical requirem ents of variab ke castings, the author do
not think that the specification of vem icularity, as 50% , in
N ational Standard ofour country, regarding © vem icu lar iron
section, is 1o bw . A ko, the author disagrees w ith thathigher
or bwer n vem kcukrity B not as a crierion © evalake
processing performance kvel n vem kcular ion casting
production .

12 Wealmatralforexhaustm anib:S Mo
heatresstantvem cubrion

121 proving them alfatgue property by rasing silicon

To im prove the therm al fatigue property for exhaustm anifold,
the silicon contentin a m d-silicon heat resisantvem icular
iron has been increased © 4% , comparing with that in a
nomal vem culr won. The strength of the m d-silicon
vem icular ion at ekvated m perature has been achieved
30% higher than thatofa nom al vem icu lr iron, which can
be atirbuted © a SO, protection filn form ed around iron by
higher silicon content This film phlys a hindrance against
oxygen bns © penetrat into casting, ie., creasing the
capability of oxidation resistance. For instance, the capability
of oxdation resistance of m -silicon vem icubr on B 5
tim es higher than thatofa nom al verm icular iron, at 700
testing en perature Bl

The high silicon content makes te matrix structure of
m id-silicon vem kcular iron Nt ®rrite, and with hcreasing
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silicon, the critical &m perature of phase transfom ation of
frrike © auskenite ncreases, ie.,A;,ashigh as900 ,at4%
Si H. Ifthe tm perature values in a them al cyck are bwer
than this tem perature, decom position of pearlie as well as
carbon precipitation in the won will be not happened, as a
result, there B no phase transfom ation kading © volme
change n the matrix. On the other hand, higher silicon
contentcan ako strengthen frrite through solid solution, and
promote high tmperature strength, so as © mprove the
them al fatigue property of the vem icular iron sgnificantly,
see Tabk 5 Bl

The silicon content of m d-silicon vem cular ron can be
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increased © 5% -6% ,whik increased brittleness. So, in an
integral consderation, it s betier o control the silicon content
atabout4% .

1.2.4 Molybdenum: increasing thermal fatigue property

M olybdenum B the best efficient element for improving
heat-resistance. A ddition of04% -06% M o into m d-silicon
vem kcular ion, ie., e m d-silicon and m olybdenum (@rief
as SM o) heat resstantvem icu br iron, can further im prove
both capabilities of them al fatigue and themal creep at
ekvated €m perature. Its them al fatigue property can be as
high as three tines of that in nom al vem kcular ion, see

Tabk 5 hfluence ofm atrix structures on them alfatigue properties ofm -silicon vem iculrand ductik irons

Type ofcastion N odu krity % M atrik stucture Cyck €m perature, Cyck#, hitmlcrack ormed Rehtive growth
Heatresstantion 25 30% femie 100-800 100
vem cubron 25 95% femie 100-800 150 S0%
Heatresstantion 90 30% feme 100-800 214
ductik on 90 95% femie 100-800 298 39%

Tabk 6.Asa consequence, Si-M o verim cular iron san deal
m aterial for exhaustm aniold and wrbine im peller, and can
be relieb ke o work for bbngerunder 800

Tablk 6 Them alfatigue properties ofvarious irons®

Them alcyck Cycle #,
Irons g
tn perature, failure
Nom alvem cuhr Iron 80
vem cukbriron with 3.6S 1,0 5M o 248
Ductile iron with 36Si 200 650 173
Ductile iron with 3.6S10.4M o 375

13 Technralrequiem entofS M o heat
resetantvem cubr kon exhaustm anio H

Various irons applied for various exhaustm aniolds m ade by
our com pany include nom al ductik iron (errie m atrix), e g.,
those Por Cherys Fen Yun and Q 1Y un, SEM o heat-resistant
ductik Won, eg., those for Shanghai-GM 5 Buick and SIO,
and SiMo heat resistant vem icular ion, eg., those for
Shanghai-V okswagen's Santana, butthose for PassatB 5 used
with high-N1 austenite ductik iron with even higher
heat-resistant property. Considering the propertyfrice rato,
the choice by Santanas exhaust manibd, SkMo
heat-resistant vem icular iron, i no doubt the best, see the
castingin Fig.1.

131 Matreland chnralspeciftatons ofSantanas

exhaustm anio bl

According © th e standard TL . SK-Mo45 from Gemany
Vokswagen, the m aterial and technical specifications of the
Santana’s exhaustm anifold can be seen n Tabk 7.

132 A key pointofthe technralspeciftatbns
According © the specification, the sam ples orm icrostructure

117s I

Fig. 1 An exhaust manifold for Shanghai
Volkswagen's Santana

inspection must be taken from a pipe wall bcation @ ith
thickness 4 mm )and the sam pkes for m echanical testing m ust

Table 7 Technical requirements of Si- Mo heat- resistant
iron exhaust manifolds

Analtral#en s Technicalrequiem ents, range

€ 30-36
» Si 39-43
Com positbns
Mo 04-07
Sc eutectc <125
= e> =
- 6 raphie type graphie= 50 ,4-8 grade
M crostuctures the restofV Itype,5-8 grade
Matrk types  Fenile= 90  the rest, pearlie
Tensik strength > 400 MPa
M echantcal E bngatbn 3 -8
PIOPEMES | amness HB @20 + 25)

be taken firom a bcation atthe brgestflinge (v ith thickness
136 mm).Because ofthe big difierence in the wall thickness
betveen them , the vem icu lbarity ofthe sam pke from the flange
can be higher than 70% while one from the pipe wall reaches
50% orhigher.This s ako a difficultkey pointt ensure both
strength and ebngation w ithin the specification.
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2Vem cubriing albys and vem ncuhbnity
of SKFM o vem cubrron exhaust

manioHl -
2.1 Chore ofvem cuhbrity

The vem iculrizing albys applied i our country and the
world can be chssified as three categories: rare earth base
allby,M g-based allby, Ca-based alby; the firsttw o categories
are more comm on. M g-based allby has stronger m od ification
capability on graphite, self-stirring by boiling n treatn ent©
help dstribution of alby ekments n melt more uniom ly.
But, its disadvantage is that the resdual M g range albwed B
s narmow tat it has © add some tianium, an
anti-nodubrization ekment, © increase the Mg resdual
range albwabke.

The typical vem kcularizing alby i rare earth base category
is the rare earth FeSi allby. Ithas higher boiling point, so no
boiling in the treatm ent. It is ako an allby w ith m any albying
elem ents n higher density, so its self-diffusion ability n m elt
s very bw, and requires fully stiming in the treatment or
uniform dstribution. A Il of these ako bring difficully n the
treatn ent operation. In addition, itcan prom ote the tendency
of more carbide (e., white ion) if only rare earth FeSi
applied,which s notgood for the castings w ith thin wall. For
this reason, a rare earth M g-FeSiallby ismade by adding M g
N rare earth FeSialby.

211 Com parsons ofvem cubrizng albys

During te exhaust manibld samplk production, the wo
vem icularizing albys were com pared,as seen in Tabk 8.The
resulis from the estsare summ arized in Tabk 9.

Fron the tsting results, it can be seen tat both
vem icularizing albys can make the exhaust maniold, in
standpoint of vem icubrity, © meet the specification.
However, the alby with rare earth as m ajr gives rebtively
higher sensitivity © the maniold wall thickness, ie., the
vem iculbarity at the pipe wall, the thinner bcation, reaches
50% whilk the graphite at the flange, the thicker lcation,
becom es flake.

212 Detem naton ofvem cubkrzing albys

Table 8 Compositions of vermicularizing alloys

Composibn Mg RE Ti Ca Al Si

MgTRESFe 45-55 06-10 85-105 4.0-45 10-15 48-52

REMgSFe 40-60 9-11 10-30 10-15 38-43

Afer many tests compkted, we determined 1 choose
REM greSi alby as the vem iculrizing alby. A fierwards, in
the pibt production bter, we fund that the vem icu lrizing
alby pre-m ixed w ith Tican notcontrol the vem icu lrity very
well because of the fluctuation of Ti content fron both the
retums them selves and the variation of the charging weightof
retums. For this reason, we added Tidirectly o meltin stead
ofpre-m ixed nt vem icu larizing alby, as a consequence,we
can achieve the stablke vem icubrity by controlling of Ti n
base won and addition ofvem icu lrizing alby. In thisway, it
is unnecessary 1 m ake any lin itations on the usage of retums.
This m easure was particu lrly im porant © the early stage of
the production that was usually accom panying with higher
reect rake. It 5 ako necessary © unify the com positions
betveen the vem icu lrizing alby and the nodu larizer, then, it
s enabk directly © apply nodularizer nto vem cukar iron
production.

22 Vem cubrizing process
221 Pourover/sandw ch teatm ent

The production of exhaust maniold with Si-M o vem ikcular
iron In our com pany was on D ika 2013 MK5 molding Ine,
equipped with an Inductbtherm s 5 tons of autom atic pour
fumace. A tthe beginning stage of the sam ple production, we
utilized the traditional ""pour over” m ethod with one 15 tons
of bd ke for the vem iculrizing treatn ent, then poured it no
the autom atic pouring fumace after deslbgged. N itrogen was
applied i the pouring fumace © protectthe m elt. A fier kept
three bd s ofm elt, the pouring started, n-stream nocu btion
applied then. Later on, one ton of treated iron per batch was
added i times by tines, up © the m ekt consum ption i the
fumace. Tabk 10 gives som e of the testing data or exhaust
maniold w ith the "pour over” treatn entm ethod.

From the resulis in Tabk 10, we can see that the sulfur
contents from the aut pouring fumace k as bw as 0.002% -
0.004% ,although the contents in the base m elis are as high as
002% . Thi indicates that at this point, Ti content © be
higher and the resddualM g ©o be bwer are needed 1 achieve
fora satisfactory vem icu larity .

Based on many testing data, sulfur content usually m akes
spgnificant nfluence on the sensitivity © wall thickness. W hen
sulfur content i at 0004% or bwer, the m crostructures
between thinner and thicker lbcations are spnificantly
difierent,and when sulfur i at0.015% -0.02% ,the sensitivity
o wall thickness trends © be tender, at the same tine, the
diflerence n te m krostuctures at thinner and ticker

Table 9 The test results of two vermicularizing alloys

Sam pE bcatbns on ppe walk

Sam pk bcatbns from flinge

Tream enttypes G raphie momphobgy  Vem cubriy Tensik stength G raphie momphobgy Vem tubry Tensik strength
and grade MPa and grade MPa
MgTRESFe 60 519 70 490
REMgSFe 50-60 522 i 219

v
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Tablk 10 Som e ofthe testing data w ith "pourover”
treatm entforexhaustm anifo d

Chem calcom posibn,w th VG Tensik Epngaten

c si Ti Mg s h S‘;f,?g‘“ %

334 407 04105 0011 0004 70-80 5186 32
321 404 0110 0011 0004 75-80 5096 30
335 390 0101 0012 0002 65-70 51041 32
326 390 0097 0013 0002 60-70 5007 30
340 397 0110 0013 0002 70 525 33
338 411 0107 0014 0002 65 530 33
320 404 0109 0014 0003 70 5223 34
326 399 0110 0015 0003 65 526 30
333 407 0103 0015 0006 75 546 8 30
334 414 0102 0016 0004 75 5413 30
326 394 0100 0016 0006 65 5344 33
332 405 0106 0017 0002 55-60 5352 30
325 401 0116 0019 0005 65 5322 31
338 390 0400 0020 0002 65 550.0 31
321 394 0102 0021 0004 50-55 5367 36
330 397 0102 0023 0001 50 525 33
339 390 0099 0023 0002 50-55 5556 37
334 392 0099 0023 0005 50 5358 33
328 400 0112 0028 0004 40-50 5864 54
320 398 0104 0030 0004 35-40 5829 6.1

Ibcations becom esm mor.

W hen using pour over m ethod or vern icu lrizing treatn ent,
because of Tislightly bwerand sulur oo bw ,as a result, the
vem icularity at pipe wall area may meet the specification
whilke the ebongation values ofthe sam pkes for m echanical test
atthe flinge area, ie., thicker area, are reltively bwer, cbse
1 the bwer Iim itata risk position.

Under the condition of applying a big capacity of auto
pouring fumace, the obvious weakness of using pour over
method s atthe requirem ent for production continuity. O nce
the production has © face a down time for any reasons, the
vem icularity in the m eltw ill be fading afier a while although
the fumace has nitrogen protected.

222 The treatn entofcored-w e npcton eding

We devebped this wire njction feding sysem for
verin icular iron treatn entby insialling the w ire unitatte tp
of autom atic pouring fumace in 1997. The vem kcular wire
made of vem kculrizing alby with certain size of grains,
covered by thin beltsteel, then the w ire can be d N the tap
area of the fumace with a ®eding rate controlkbk, then the
wire re-m olten and dissolved by the overheated m elt, through
its diffusion, © perform its vem iculrizing process. Fgure 2
shows its basic operation principke.

Because the treated iron melt can be enabk © flow
imm ediaely nto the m ol below through the tap and the nozzk
controlled by a stopper rod, thisw illsolve the probkem offading
n vem icular iron.Since this system was the firstdevelboped by
our com pany, we filked a national patent for it Tabk 11 Iists

1 130 I
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Fig.2 A sketch of showing wire feeding
for vermicularizing process

som e testing data forexhaustm anifold production w ith the w ire
feding system .

From the resulis in Tabk 11, com paring w ith the pour over
m ethod only, the wire feeding m ethod can be enabk © allow
wder M g resdual range, at the same tine, bwer Ti content
and rebtively higher sulfur content. This situation can be
beneficial © notonly the controlling ofvem icu brity, butako,
kss sensitiviy © wall thickness, more uniorm N
m icrostructure, rebtively higher ebongation in the m echanical
properties. In the firstyear of the pilotproduction, we utilized
the process and produced about 90 000 pieces of exhaust
manifold. For a high volume of production, this process
flexibke N its control. O nce the production line has © face a
down tim e for any reasons, the vem cularizing treatn entcan
be paused right away, avoiding m elt wasted, reversibly, the
vem icularizing treatment and pouring operation can be
recovered mmedikly once the production Ine re-strts.
And, this process has ako high sensitivity and quick response
© the vem culbarizing control. Once the treated melt was
found 1 be under or over treated, itcan be quickly rretumabke
© nom al by adjusting the w ire feding speed.

23 Vem cubring process and s im provem ent

231 D sadvantage ofw e feeding atthe ap

There are diadvantages ©n the wire feding for
vem icularizing atthe Bap.0ne ofthem K atthe shadowed tap
ofthe fumace where flows only a sm all am ountofm elt,which
resulis n a bwer rate of treatn entallby © be dissolved and
absorbed by m elt. It is shortofa deep reaction reservoir atthe
area and it 5 unfvorabk © achieve the treated melt
hom ogenous m ixed although the alby added was as much as
13% .

Additionally, the strong m agnesium lightand fum e produced
in te wire eding treatn entm akes the working environm ent
worse, and it i difficult © deskg operation. To sole this
problem , it i necessary © build a treatn ent cham ber at the
m dd ke ofthe tap and 1 take som e m easures © m ake the skg
rem oval easily. But, unfortunately, it i not so easy 0 reach
the goal, yet, because of the lim ilations n equipment and
tightened byoutatthe area.
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Tabk 11 Som e testing data ofw ire in ection feeding
m ethod forexhaustm anifold production

Tensik

Chem ralcom positbn,w t% stength E bnﬁ?atbn

c Si Ti Mg MPa !
327 380 009 0007 0017 80-85 498 6 28
331 364 0087 0008 0020 70-80 500.0 33
332 382 0079 0013 0016 75 5200 35
336 364 0094 0013 0017 75 5243 52
331 395 0075 0013 0017 65-70 503.0 40
331 382 0082 0014 0018 60-70 5130 50
341 405 0093 0014 0017 75 5243 64
354 394 0116 0016 0021 85 5011 32
347 409 0095 0016 0013 75 5158 45
324 394 0089 0016 0016 75 5127 38
324 394 008 0016 0016 65 5269 59
332 422 0087 0017 0015 70 5261 55
326 395 0077 0017 0016 65 5124 37
333 387 0081 0018 0018 65 5231 60
328 396 0078 0022 0016 60 5263 43
337 404 0087 0024 0015 60 561.1 72
343 420 0106 0027 0021 60 5593 70
362 414 0101 0032 0016 55 5710 70
337 400 0088 0040 0018 45 615 90
325 405 0081 0058 0016 10-20 6238 106

232 A combihaton ofpouroverand w e feeding m ethods

Therefore, Wo years bter afer the w ire feding unit instalked,
we m odified the vem icularizing operations, ie., the pour over
treatn entas a m ajor and the w ire ®eding as a secondary.W e
will mainly utilize the pour over method or the treatn ent
when both the equipm ents in te lines and the production are
in nomal and siebk.W hen the meltfading in the aut pour
fumace happened, we w il utilize the wire ®eding process ©
compensae te vem cubrizhg teatment Thes b a
com bination ofthe wo processes, bringing n their advantages
and avoding their dieadvantages. Thus, it makes the
operations more flexbk and controlbbk and ensures the
stbility and efficiency in exhaustm aniold production.

233 The shoriness ofM g-Tivem cuhkrzing alby

Regarding ©© vem icularizing allbys, M g-Ti base alby had
been used for wo years. The major problem encountered so
far was its bad m achinability, because of its higher titanium

content, harder phases such as C-Ti and N-Ti carbides
fomed N te matrix. Particularly, ©or those castings with
thinnerwall thickness, if the inocu lation was notso good and
som e of cem entie exists ata bcal €g., atan end of pipe),
even notso much, the machinability can becom e even worse.
Custom er hates 0 accept the components © machine. To
m ake custom er happy, we have © add i an additional rough
machining atits finishing operation.0ne more probkem & the
charging material management, particularly, te exhaust
maniold retums thatm ustbe separated carefully from other
retums, © avold them m ixed with others © create quality
problem .

234 hprovem entofvem cubrzing alby

For the purpose above, we had done btofexperiments on it
and decded  use RE-M g-FeSialby as the vem icu lrizing
alby, and sbopped adding Ti nb melt The RE-M g-FeSi
alby has the com position asshown in Tabk 12.

For bdE treatn ent, the alby added was 06% -12% , the
bwer Iim it ©r the first three bdks afier the auto fumace
exchanged from its pouring ductike ion previously, and the

Tablk 12 Com position ofthe RE-M g-FeSiallby

Gran ske Chem ralcom posibn,w t%

mm Mg RE

8-18 35-45 7-9 4-6 40-45 10 frhdke
043-170 55-65 06-10 2 44 48 10 fPrwie

Note: the diameter of the core- wire is(9£0.5) mm, and its weight
is not less than 150 g/m.

upper Iim it or the three bdks after the auto fumace having
stopped pouring Tor six hours at kastor afier blasting oxygen
operation finished, of course, if everything n nom al, the
average would be added.

Since the mproved process was put Nt operation, the
m achinability ofexhaustm anifold had significantly im proved,
and the rough m achining procedure can be no more needed.
So far,we have already produced nearly am illions ofpieces of
exhaust manifolds since then, and the quality of them B
sebk.

3 GatngAserng sysem desgns ofSEMo
vem culbr ron exhaustm anifo b and its
m provem ent |

Because of its brger shrinking tendency of Si-M o vem kcular
iron during s soldification, the exhaustm anibll casting
easily © encounter shrinkage porosity probkm . There exist
nine krge or small hot spots abbng the exhaust manifold
casting body because of its variab ke thickness design.And, all
lcations of these hot spots are cbse © the machining area
and the customer requires defects free on the machining
surfaces,which m akes the projectm ore difficu it

The exhaust manifold were molded in D ka molding Iine,
vertically parting and pouring, and its intemal ®atures were
form ed by Wwo sand cores. Because of its lrge am ountofgas,
air and fum e released during the pouring, its gating system
desgn i required © be filkd evenly and sm oothly, plus the
easily escaped ventsystem and efficientriser sysem for those
hot spots. Usually, it i not so easy © baknce all of these
concems, som etim es, © pay an atiention © this whik causes
© mnore others. At the beginning, we applied the botiom
filling m ethod © pour the casting atfirst.
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3.1 Botiom fillng gatihg sysem forexhaust
m anifo bl producton

Based on the experience and understanding on the vertical
parting m olding like D iam atic line, or the castingsw ith lrge
size of cavity in heght, it 5 Bvorite © use botiom Afilling
method in ifs gating syskem design, thus liquid metal can be
raised 0 the cavity smoothly and evenly, which i hebful ©
reduce sand and slg nclusions, butako, © escape air from

the m ol cavity and the cores. For this reason,we applied the
botiom filling gating design for the production, see Fig.3.

Fig.3 A sketch of the bottom filling gating system

The majr probkem i the process design i notso fvorite ©
fed, ie., difficult © solve the shrinkage porosity defects n
the castings, as mentioned above, more or kss shrinkage
porosity existed atthe nine hotspots. There are four bosses at
the botiom portion of the casting, and m ultip ke ingates bcated
here for Iiquid m etal Nt the cavity, and porosity ako found
here afier drilling and screw ing operations. W e revised the
gate with flat-thin shape, ©lbw ing soldification ruke, butdd
notwork, o. A fierwards, we added a sn all riser atthe runner
belw the ingate, although its bcation bwer than the boss, it
worked, ie.,gotthe boss fed by sucking liquid m etal fiom the
risernew by added.

For the four ports atthe flanges bcated atthe upper position
of the casting cavily in the mold, at the beginning, we placed
four risers for each of them , cold risers, and found shrinkage
porosity in tem afier machining and drilling. Then, we
relocated the gating system and ket the risers hot by liquid
m etal thirough them aswell as m odified the riser neck n a
fltthin shape, butthe resulis were notas expected yet, and
rejectrate was stillhigh.Sowe had © do 100% UT inspection
on them piece by piece, costincreased a bt

As b the brgest flange of the casting, because there was no
way 1 plce any riser at the hot spotarea, the porosity at the
bcation was even more difficult © sole. Again, we had ©
utilize UT 0 inspectthem one by one, and the rejectrate kept
high, average at15% ,maximum at30% . Therefore,we m ust
change and in prove this situation. Finally, we determ ined ©
adoptthe top-filling gating design as described belbow .
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32 Top-fillihg gatihg sysem Porexhaustm anib

The top-filling gating system design keptthe orientation and
the bcation of the exhaust m anifold casting in the mold no
change, removed the segm ents of the runner and the gates
bcated atthe botiom portion, and ktliquid metal ully flowed
N the cavity through the op risers atthe flange areas on te
upper portion ofthe m old, then placed chilling ribs atthe four
bossareas, see F ig-4 @) or the sketch ofthe gating system ,and
Fig.4@)Pran im age ofthe casting tree.

Fig. 4(b) A photo of the casting tree, showing
the top filling gating system

This process desgn had soled not only the shrinkage
porosity probkem atthe ports of four flanges on the top and at
the four bosses at the botiom , but ako significantly reduced
the size ofthe shrinkage porosity atthe krgestflange area and
m oved the shrinkage lbcation from the critical m achining area.
Thus, te casting rects from the shrinkage Bsue were
basically solved.And the weights of the gates and risers were
reduced fron 98 kg 0 55 kg and the metal yield were
ncreased from 38% , e botiom filling, © 52% .

By im proving the gating system , the solution for the shrinkage
porosity probkem was so successful, but the defects of gas
porosity, sand inclusions, slg nclusbns were increased a bt
For this reason, we changed the sand core © the shell cores.
Then the new probem 1 come was liquid m etal penetration
no the shellcore.Sowem od ified both the patem and the core
printsand increased ingates on the top and successfully solved
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the probkem. Finally, we achieved the ttal rfct rate,
ncluding both ntemaland extemal,below 7% .

@) Under the high tem perature cyck operation conditions,
exhaustm anifold castings required © have betier properties in
both thermal fatigue resistnce and themal deform ation
resstance. For this requirement, vem icular won has te
advantage, in integral, over those ofeither gray iron or ductike
iron.

@)To achkeve an optinal property of temal fatigue
resstance, it B unnecessary 1 em phasize only on a higher
vem icubrity. In practice, ~50% vem cubrity 5 the best
choice.

@) The them al fatigue property of Si-M o vem icular iron B
doublke or tripk of nom al vem cular ron and it s an deal
m aterial for app lication ofexhaustm aniols.

@) In the production of SEMo vem kcular Won exhaust
maniold, the sekcton of vem kcubrizng alby B very
im portant. M g-Ti vem iculrizing alby has w der treatn ent
range and betier sensitivity © wall thickness, but itcan cause
worse machinability and higher cost on charging m aterial
management. An appropriae  sekction of Re-Mg
vem icularizing alby can achieve a betier baknce betveen
vem icu lbarizing controland m achinability.

6) For the production with D isa high speed molding Iine

4 Conclisbns

and autom atic pouring fumace, the vem iculrizing treatn ent
of com bining pour-over method w ith te wire feding at the
tap ofthe Tumace s a successfulprocess.

©) The tendency ofform ing shrinkage cavity and porosity in
SM o vem cubar iron B sgnificant. It s necessary © apply a
process design w ith ©p filling and hotriser, atthe same tine,
and 1 consderm ultip ke ingates and im proving vents for sand
coresasaplus.
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