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M aterial and technique of S i-M o heat-
resistant verm icular iron exhaust m ani-
fold

J IN Y o n g - x i

(Shanghai Sandman Foundry Co., Ltd.)

A b stra c t: S i-M o verm icular iron is an ideal m aterial for exhaust m anifold that w orks in high
tem perature and therm alcycle conditions because its properties oftherm alfatigue resistance and
therm aldistortion resistance are significantly better than that of gray cast iron and nodular iron.
This paper explains that the verm icularity of S i-M o verm icular iron is better to be controlled ap-
proxim ately to 50% for the applications of exhaust m anifold castings, and generalizes the suc-
cessfulexperience ofverm icularizing technique thatuses sandw ich (pourover)process com bin-
ing w ith cored-w ire injection in trough process together,and uses rare earths-m agnesium -silicon
as verm icularizing alloy in D isa high speed m olding line and autom atic plug rod airpressure pour-
ing furnace. In addition, this paper also describes the m ethod to solve the shrinkage hole and
porosity defects in the exhaustm anifold production.

K e y w o rd s: S i-M o verm icularcastiron:exhaustm anifold;verm icularity:verm icularizing alloy:
verm icularizing technique
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E xhaust m anifold is an outlet of waste gas with passages

from an engine. Because high tem perature of waste gas

exhausted from engine,this thin wallcom ponentwith m ultiple

m anifold passages is usually m ade of cast iron type of

m aterials except a quite few of them still fabricated of

stainless steel plate.G ray cast iron was applied a long tim e

ago,butitwas easily therm aldam aged or cracked under the

alternative therm alloading conditions ofcooling and heating.

To solve this problem , verm icular graphite cast iron has

successfully replaced gray castiron in the position ofexhaust

m anifold application.For this reason,itis necessary to do a

briefanalysis on the m aterialspecification and technology for

exhaust m anifold com ponents applied for engines, in

particularforauto engines.

1 M aterialspecification ofexhaustm anifold
and therm alfatigue property ofS i-M o
verm icularheatresistantcastiron

1.1 Therm alfatigue property ofcastirons and
optim alverm icularity range ofverm icular
castiron exhaustm anifold

A s known,an exhaustm anifold from engine usually operates

under alternative therm al cycles of quick-cooling and

quick-heating. Because of restraining of cycling stress

produced during alternative therm al expansion and

contraction processes,therm aldam age usually happens.The

heat-resistantcapability ofgray iron casting againstfatigue is

lower, owing to that both the precipitation of oxides and

carbon from pearlite over 500℃ and the austenite phase

transform ation over 700℃.A llofthese factors can be enable

to cause an exhaustm anifold dam aged orcracked earlier.

1.1.1 The factors of influence on thermal fatigue
property of cas ting

In standpointofm aterials science,there are so m any factors

that can affect casting therm al fatigue. These factors can be

expressed with the following form ula:

RST= f( ) （1）

W here

RTS - Capability againsttherm alfatigue

E - M odulusofelasticity

R - Tensile strength

ΔT - Tem perature drop during therm alcycles

A - Elongation

K - Stressconcentration coefficient

λ - Therm alconductivity

α - Therm alexpansion coefficient

M - D ensity

A m ong them ,depending upon variable graphite m orphologies

in iron castings,the influence factorsofthe stressconcentration
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coefficientK can befurtherexpressed as:

l - Length ofgraphite

d - Spacing between graphite phases

ρ- Curvature radiusatthe endsofgraphite phase

A s seen in the form ulae above, the better therm al fatigue

property can be achieved if a casting m aterial has higher

m echanical properties, higher therm al conductivity, lower

therm al expansion, lower m odulus of elasticity, and lower

stressconcentration coefficient.

A fter com paring the influential factors between gray cast

iron,verm icularcastiron and ductile iron,various param eters

and coefficients related to therm al fatigue analysis are

sum m arized in Table 1.

1.1.2 The advantage of vermicular iron in the heat
res is tant capability agains t thermal fatigue over
ones of gray and ductile irons

A fter analyzing the param eters above,the capability of gray

iron againsttherm alfatigue is the lowestand m ore easy to be

dam aged and cracked under therm al cycles because of its

lower tensile strength and elongation, higher stress

concentration coefficient, and worse capability against

oxidation growth,although ithas advantages in bettertherm al

conductivity and lower elasticity m odulus. D uctile iron,

because of its higher strength and ductility, lower stress

concentration coefficient, has relatively higher capability

against therm al fatigue, but lower capability against therm al

deform ation because of its higher elasticity m odulus and

therm al conductivity causing lower creep resistance.

V erm icular cast iron has relatively higher capability against

therm al fatigue than gray iron because of its higher strength

and elongation and lowerstress concentration coefficient,and

has relatively higher capability against therm al deform ation

than ductile iron because of its higher therm al conductivity

and lower elasticity m odulus. Therefore, the application of

verm icular iron in exhaustm anifold has advantage over both

gray iron and ductile underthe im pactloading conditions with

quick-cooling and quick-heating.

The therm al fatigue property of verm icular iron is m ainly

associated with verm icularity, m atrix m icrostructure,

m axim um tem perature and speeds of heating and cooling in

cycles.The influence ofverm icularity on therm alfatigue can

be drawn from Table 2 [1],Table 3 [1,2] and Table 4 [3].

A fter analyzing the results in Table 2 through Table 4,the

following pointscan be withdrawn:

Table 1 V arious param eters ofthree cast irons

Table 2 C om parisons oftherm alfatigue properties am ong various cast irons

Table 3 C om parisons oftherm alfatigue properties am ong various verm icularizing alloys and verm icularities applied

{ {K= f (2)l

d ×ρ

M aterials
C hem icalcom position,w t.% C ycle#,crack initializedP earlite

%C S i S R E C a 250-500℃ 250-700℃ 250-900℃

G ray iron (H T200)

V erm icular iron,V G 90%

V erm icular iron,V G 50%

D uctile iron

3.30

3.80

3.65

3.67

1.52

2.67

3.72

2.51

0.04

0.018

0.014

0.005

0.070

0.099

0.085

0.0013

0.0024

0.034(M g)

100

30

50

75

7900

11250

15760

18000

340

1200

1250

1100

350

1300

1900

1400

460

1650

1800

1800

80

460

680

620

100

640

660

550

180

450

640

640

Tensile strength E longation E lasticity m odulus Therm alexpansion coefficient Therm alconductivity
M aterials

G ray iron

V erm iculariron

D ucile iron

100-350

300-500

350-900

＜1.0

1.5-8.0

3.0-25

7.5-15.5

14-17

16.5-18.5

11-12

12-14

11.3-13

50-67

36-48

25-40

M P a % E ×104，M P a α×10-6 W /m·k

Tem peratures and cycle % ,crack initializedC astiron specification and types of

verm icularizing alloys

V erm icularity

% 250-500℃ 250-700℃ 250-900℃

G ray irons
H T200

H T250

7900 350-460

350

80-180

V erm icular

irons

R E -S i-Fe alloy 90

90

50

90

50

＞80

＞80

11 250

14 500

8 000

19 000

18 000

1 000-1 200

1 200-1 000

1 250-1 900

280-420

900

630-920

1 300-1 660

1 100-180

450-640

640-680

620-640

M g-Ti-S i-Fe alloy

R E -M g-TiS i-Fe alloy

D uctile iron

R E -S i-C a-Fe alloy
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(1) The m axim um tem perature in therm al cycles has

significant influence on therm al fatigue property. The

m axim um tem perature suffered by the iron can significantly

cause the cycle num ber,cracks initialized to be lowered.For

instance, concerning with the verm icular iron with

verm icularity at50% under250-500 ℃,the cycle num berof

initialcrack form ed is at15 760 cycles,but,itdrops to about

1800 cycles once the m axim um tem perature reaches 700 ℃,

i.e.,in the 250 -700℃ range.

(2)U nderlowertherm alcycletem peratures,e.g.,250-500 ℃,

the therm al fatigue property of gray iron is the worst,

verm icular iron is in the second,and ductile iron is the best.

U nder higher cycle tem peratures, e.g., 250-700 ℃ , the

difference oftherm alfatigue properties between gray iron and

verm icular iron becom es m ore significant. A s a result,

verm icular iron has the property better than gray iron and is

sim ilarto one ofductile iron.

(3)A lthough ductileiron hasbettertherm alfatigueproperty,it

has worse capability against therm al deform ation.U nder the

condition oftendency with largerdeform ation and restraints,it

is enable to induce higher internal stress and prom ote the

initialization and developm entprocessesofa crack.

1.1.3 O ptim alrange ofverm icularity in exhaustm anifold
castings

From Tables 2 through 4, the capability of verm icular iron

against therm al fatigue also has strong relationship with

verm icularity. W ith lower verm icularity, both nodularity and

therm alfatigue property in verm iculariron increase,and once

the verm icularity isatabout50% ,the therm alfatigue property

reachesthe best,even betterthan thatofductile iron.The m ain

reason is attributable to higher therm al conductivity of

verm iculariron with 50% verm icularity than thatofverm icular

iron with even higher verm icularity and thatofductile iron [1],

and also attributable to higher tensile strength at elevated

tem perature than that in verm icular iron with 70%

verm icularity.Therefore,for exhaust m anifold under therm al

fatigue loading,the verm iculariron with 50% verm icularity is

the corrective choice.

O n the otherhand,itis actually difficultto m ake verm icular

iron in production with higher verm icularity,e.g.,higher than

70% .Since typicalwallthickness ofan exhaustm anifold for

auto is usually less than 4 m m , it is so easy to suffer flask

graphite problem atflange ports ifthe verm icularity atpipe is

over 70% .So,to controlthe verm icularity in verm icular iron

exhaust m anifold casting within 50% is also reasonable and

feasiblein theproduction.

1.1.4 V ariable verm icularity ranges forvariable castings

For the applications of engine block and head castings, the

situation is quite different.For instance,an engine cyliderly

head usually has very com plicated structure, variable wall

thickness, and even higher tem perature and local water

cooling applied.Ifan alloyed gray iron is utilized forthe head,

because ofits lowercastability,itm ightencountercracking or

leaking problem at the gas passage walls nearby oil nozzle

area.Ifa verm icular iron is applied in the case,itcan solve

the cracking and leaking problem s because of its higher

strength and im proved castability. Engine cylinder block is

sim ilar to engine cylinder head,butlarger in size and m ore

com plicated in structure. To reduce weight from it, higher

verm icularity,even 80% or higher,is usually to be required

for achieving higher strength and lower sensitivity to wall

thickness, as well as higher therm al conductivity and

castability.

Because of quite differences in application conditions and

the technicalrequirem ents ofvariable castings,the author do

not think that the specification of verm icularity, as 50% , in

N ationalStandard ofourcountry,regarding to verm iculariron

section,is too low.A lso,the author disagrees with thathigher

or lower in verm icularity is not as a criterion to evaluate

processing perform ance level in verm icular iron casting

production.

1.2 Idealm aterialforexhaustm anifold:S i-M o
heat-resistantverm iculariron

1.2.1 Im proving therm alfatigue property by raising silicon

To im prove the therm alfatigue property for exhaustm anifold,

the silicon contentin a m id-silicon heat-resistantverm icular

iron has been increased to 4% , com paring with that in a

norm al verm icular iron. The strength of the m id-silicon

verm icular iron at elevated tem perature has been achieved

30% higher than thatofa norm alverm icular iron,which can

be attributed to a SiO 2 protection film form ed around iron by

higher silicon content. This film plays a hindrance against

oxygen ions to penetrate into casting, i.e., increasing the

capability ofoxidation resistance.For instance,the capability

of oxidation resistance of m id-silicon verm icular iron is 5

tim es higher than thatofa norm alverm icular iron,at700 ℃

testing tem perature[3].

The high silicon content m akes the m atrix structure of

m id-silicon verm icular iron into ferrite, and with increasing

Table 4 Therm alfatigue properties ofm id-silicon heat-

resistant iron,ductile iron,and gray cast

M aterials
G raphite

m orphology

Ferrite

%

C ycle #
(initialcrack form ed )

100-800℃ 20-900℃

D uctile iron

S i-M o

V erm icular

iron

G ray iron

N odularity,

90%

N odularity,

80%

V erm icularity

60%

V erm icularity

75%

95

95

95

95

95

95

298

180

160

150

40

42

6

6

14

17

3

9

D -type
graphite

A -type
graphite
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Table 7 Technical requirements of Si- Mo heat- res is tant
iron exhaus t manifolds

M icrostructures

M echanical

properties

C ％

S i％

M o ％

S c（eutectic）

G raphite

M atrix types

Tensile strength

E longation

H ardness

3.0-3.6

3.9-4.3

0.4-0.7

≤1.25

Ⅲ-type graphite≥50％,4-8 grade，

the restofV Itype,5-8 grade

Ferrite≥90％，the rest,pearlite

≥400 M P a

3％-8％

H B (220 ± 25)

A nalyticalitem s Technicalrequirem ents,range

C om positions

Table 5 Influence ofm atrix structures on therm alfatigue properties ofm id-silicon verm icular and ductile irons

Fig. 1 An exhaus t manifold for Shanghai
Volkswagen' s Santana

Type ofcastiron N odularity,% M atrix structure C ycle tem perature,℃ C ycle#,initialcrack form ed R elative grow th

H eat-resistantiron

vem iculariron

H eat-resistantiron

ductile iron

25

25

90

90

30% ferrite

95% ferrite

30% ferrite

95% ferrite

100-800

100-800

100-800

100-800

100

150

214

298

50%

39%

silicon, the critical tem perature of phase transform ation of

ferrite to austenite increases,i.e.,A 1,as high as 900 ℃,at4%

Si [4].Ifthe tem perature values in a therm alcycle are lower

than this tem perature, decom position of pearlite as well as

carbon precipitation in the iron will be not happened, as a

result, there is no phase transform ation leading to volum e

change in the m atrix. O n the other hand, higher silicon

contentcan also strengthen ferrite through solid solution,and

prom ote high tem perature strength, so as to im prove the

therm al fatigue property of the verm icular iron significantly,

see Table 5 [3].

The silicon content of m id-silicon verm icular iron can be

increased to 5% -6% ,while increased brittleness.So,in an

integralconsideration,itis betterto controlthe silicon content

atabout4% .

1.2.4 Molybdenum: increas ing thermal fatigue property

M olybdenum is the best efficient elem ent for im proving

heat-resistance.A ddition of0.4% -0.6% M o into m id-silicon

verm icular iron,i.e.,the m id-silicon and m olybdenum (brief

as Si-M o)heat-resistantverm iculariron,can furtherim prove

both capabilities of therm al fatigue and therm al creep at

elevated tem perature.Its therm al fatigue property can be as

high as three tim es of that in norm al verm icular iron, see

Table 6.A sa consequence,Si-M o verim iculariron is an ideal

m aterial for exhaust m anifold and turbine im peller, and can

be reliable to work forlongerunder800 ℃.

1.3 Technicalrequirem entofS i-M o heat
resistantverm iculariron exhaustm anifold

V arious irons applied for various exhaustm anifolds m ade by

our com pany include norm alductile iron (ferrite m atrix),e.g.,

those for Chery's Fen Y un and Q iY un,Si-M o heat-resistant

ductile iron, e.g., those for Shanghai-G M 's Buick and SIO ,

and Si-M o heat-resistant verm icular iron, e.g., those for

Shanghai-V olkswagen'sSantana,butthose forPassatB5 used

with high-N i austenite ductile iron with even higher

heat-resistant property.Considering the property/price ratio,

the choice by Santana's exhaust m anifold, Si-M o

heat-resistant verm icular iron,is no doubt the best, see the

casting in Fig.1.

1.3.1 M aterialand technicalspecifications ofS antana's

exhaustm anifold

A ccording to th e standard TL . Si-M o45 from G erm any

V olkswagen,the m aterial and technical specifications of the

Santana'sexhaustm anifold can be seen in Table 7.

1.3.2 A key pointofthe technicalspecifications

A ccording to the specification,the sam ples for m icrostructure

inspection m ust be taken from a pipe wall location (with

thickness 4 m m )and the sam ples form echanicaltesting m ust

be taken from a location atthe largestflange (with thickness

13.6 m m ).Because ofthe big difference in the wallthickness

between them ,the verm icularity ofthe sam ple from the flange

can be higherthan 70% while one from the pipe wallreaches

50% orhigher.This is also a difficultkey pointto ensure both

strength and elongation within the specification.

Table 6 Therm alfatigue properties ofvarious irons [5]

Irons
Therm alcycle

tem perature,℃

N orm alverm icularIron

verm icular iron with 3.6S i,0.5M o

Ductile iron w ith 3.6S i

Ductile iron with 3.6S i,0.4M o

200－650

80

248

173

375

Cycle #,

failure

178
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Table 9 The tes t results of two vermicularizing alloys

Treatm enttypes

Ⅲ Ⅵ

Ⅲ Ⅵ

％

60

50-60

M P a

519

522

and grade

Ⅲ Ⅵ

IA

S am ple locations on pipe w alls S am ple locations from flange

M P a

490

219

Tensile strength G raphite m orphology Tensile strengthV erm icularityG raphite m orphology
and grade

M gTiR E S iFe

R E M gS iFe

％

70

V erm icularity

Table 8 Compositions of vermicularizing alloys

C om position

M gTiR E S iFe

R E M gS iFe

M g

4.5-5.5

4.0-6.0

R E

0.6-1.0

9-11

Ti

8.5-10.5

C a

4.0-4.5

1.0-3.0

A l

1.0-1.5

1.0-1.5

S i

48-52

38-43

2 V erm icularizing alloys and verm incularity

of S i-M o verm iculariron exhaust

m anifold

2.1．C hoice ofverm icularity

The verm icularizing alloys applied in our country and the

world can be classified as three categories: rare earth base

alloy,M g-based alloy,Ca-based alloy;the firsttwo categories

are m ore com m on.M g-based alloy has stronger m odification

capability on graphite,self-stirring by boiling in treatm entto

help distribution of alloy elem ents in m elt m ore uniform ly.

But,its disadvantage is thatthe residualM g range allowed is

so narrow that it has to add som e titanium , an

anti-nodularization elem ent, to increase the M g residual

range allowable.

The typicalverm icularizing alloy in rare earth base category

is the rare earth FeSialloy.Ithas higher boiling point,so no

boiling in the treatm ent.Itis also an alloy with m any alloying

elem ents in higherdensity,so its self-diffusion ability in m elt

is very low, and requires fully stirring in the treatm ent for

uniform distribution. A ll of these also bring difficulty in the

treatm entoperation.In addition,itcan prom ote the tendency

of m ore carbide (i.e., white iron) if only rare earth FeSi

applied,which is notgood for the castings with thin wall.For

this reason,a rare earth M g-FeSialloy is m ade by adding M g

into rare earth FeSialloy.

2.1.1 C om parisons ofverm icularizing alloys

D uring the exhaust m anifold sam ple production, the two

verm icularizing alloyswere com pared,as seen in Table 8.The

resultsfrom the testsare sum m arized in Table 9.

From the testing results, it can be seen that both

verm icularizing alloys can m ake the exhaust m anifold, in

standpoint of verm icularity, to m eet the specification.

H owever, the alloy with rare earth as m ajor gives relatively

higher sensitivity to the m anifold wall thickness, i.e., the

verm icularity at the pipe wall, the thinner location, reaches

50% while the graphite at the flange, the thicker location,

becom esflake.

2.1.2 D eterm ination ofverm icularizing alloys

A fter m any tests com pleted, we determ ined to choose

R EM gFeSi alloy as the verm icularizing alloy. A fterwards, in

the pilot production later, we found that the verm icularizing

alloy pre-m ixed with Tican notcontrolthe verm icularity very

well because of the fluctuation of Ti content from both the

returns them selves and the variation ofthe charging weightof

returns.For this reason,we added Tidirectly to m eltin stead

ofpre-m ixed into verm icularizing alloy,as a consequence,we

can achieve the stable verm icularity by controlling of Ti in

base iron and addition ofverm icularizing alloy.In this way,it

isunnecessary to m ake any lim itationson the usage ofreturns.

This m easure was particularly im portantto the early stage of

the production that was usually accom panying with higher

reject rate. It is also necessary to unify the com positions

between the verm icularizing alloy and the nodularizer,then,it

is enable directly to apply nodularizer into verm icular iron

production.

2.2 V erm icularizing process

2.2.1 P ourover/sandw ich treatm ent

The production of exhaust m anifold with Si-M o verm icular

iron in our com pany was on D isa 2013 M K 5 m olding line,

equipped with an Inductotherm 's 5 tons of autom atic pour

furnace.A tthe beginning stage ofthe sam ple production,we

utilized the traditional"pour over" m ethod with one 1.5 tons

ofladle for the verm icularizing treatm ent,then poured itinto

the autom atic pouring furnace after deslagged. N itrogen was

applied in the pouring furnace to protectthe m elt.A fter kept

three ladles ofm elt,the pouring started,in-stream inoculation

applied then.Later on,one ton oftreated iron per batch was

added in tim es by tim es,up to the m elt consum ption in the

furnace.Table 10 gives som e of the testing data for exhaust

m anifold with the "pourover" treatm entm ethod.

From the results in Table 10, we can see that the sulfur

contents from the auto pouring furnace is as low as 0.002% -

0.004% ,although the contentsin the base m elts are as high as

0.02% . This indicates that at this point, Ti content to be

higherand the residualM g to be lower are needed to achieve

fora satisfactory verm icularity.

Based on m any testing data, sulfur content usually m akes

significantinfluence on the sensitivity to wallthickness.W hen

sulfur content is at 0.004% or lower, the m icrostructures

between thinner and thicker locations are significantly

different,and when sulfuris at0.015% -0.02% ,the sensitivity

to wall thickness trends to be tender, at the sam e tim e, the

difference in the m icrostructures at thinner and thicker
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Fig.2 A sketch of showing wire feeding
for vermicularizing process

Table 10 S om e ofthe testing data w ith "pour over"

treatm ent for exhaust m anifold

C hem icalcom position,w t.%

C S i Ti M g S

Tensile
strength

M P a

E longation
%

3.34

3.21

3.35

3.26

3.40

3,38

3.20

3.26

3.33

3.34

3.26

3.32

3.25

3.38

3.21

3.30

3.39

3.34

3.28

3.20

4.07

4.04

3.90

3.90

3.97

4.11

4.04

3.99

4.07

4.14

3.94

4.05

4.01

3.90

3.94

3.97

3.90

3.92

4.00

3.98

0.105

0.110

0.101

0.097

0.110

0.107

0.109

0.110

0.103

0.102

0.100

0.106

O .116

0.100

0.102

0.102

0.099

0.099

0.112

0.104

0.011

0.011

0.012

0.013

0.013

0.014

0.014

0.015

0.015

0.016

0.016

0.017

0.019

0.020

0.021

0.023

0.023

0.023

0.028

0.030

0.004

0.004

0.002

0.002

0.002

0.002

0.003

0.003

0.006

0.004

0.006

0.002

0.005

0.002

0.004

0.001

0.002

0.005

0.004

0.004

70-80

75-80

65-70

60-70

70

65

70

65

75

75

65

55-60

65

65

50-55

50

50-55

50

40-50

35-40

518.6

509.6

510.1

500.7

525

530

522.3

526

546.8

541.3

534.4

535.2

532.2

550.0

536.7

525

555.6

535.8

586.4

582.9

3.2

3.0

3.2

3.0

3.3

3.3

3.4

3.0

3.0

3.0

3.3

3.0

3.1

3.1

3.6

3.3

3.7

3.3

5.4

6.1

V G

%

locationsbecom esm inor.

W hen using pouroverm ethod forverm icularizing treatm ent,

because ofTislightly lowerand sulfurtoo low,as a result,the

verm icularity at pipe wall area m ay m eet the specification

while the elongation values ofthe sam ples form echanicaltest

atthe flange area,i.e.,thickerarea,are relatively lower,close

to the lowerlim itata risk position.

U nder the condition of applying a big capacity of auto

pouring furnace, the obvious weakness of using pour over

m ethod is atthe requirem entfor production continuity.O nce

the production has to face a down tim e for any reasons, the

verm icularity in the m eltwillbe fading after a while although

the furnace hasnitrogen protected.

2.2.2 The treatm entofcored-w ire injection feeding

W e developed this wire injection feeding system for

verim iculariron treatm entby installing the wire unitatthe tap

of autom atic pouring furnace in 1997. The verm icular wire

m ade of verm icularizing alloy with certain size of grains,

covered by thin beltsteel,then the wire can be fed into the tap

area ofthe furnace with a feeding rate controllable,then the

wire re-m olten and dissolved by the overheated m elt,through

its diffusion,to perform its verm icularizing process.Figure 2

showsitsbasic operation principle.

Because the treated iron m elt can be enable to flow

im m ediately into the m old below through the tap and the nozzle

controlled by a stopperrod,thiswillsolve the problem offading

in verm iculariron.Since thissystem wasthe firstdeveloped by

our com pany,we filed a nationalpatentfor it.Table 11 lists

som e testing data forexhaustm anifold production with the wire

feeding system .

From the results in Table 11,com paring with the pour over

m ethod only,the wire feeding m ethod can be enable to allow

wider M g residual range,at the sam e tim e,lower Ti content

and relatively higher sulfur content. This situation can be

beneficialto notonly the controlling ofverm icularity,butalso,

less sensitivity to wall thickness, m ore uniform in

m icrostructure,relatively higher elongation in the m echanical

properties.In the firstyearofthe pilotproduction,we utilized

the process and produced a bout 90 000 pieces of exhaust

m anifold. For a high volum e of production, this process is

flexible in its control.O nce the production line has to face a

down tim e for any reasons,the verm icularizing treatm entcan

be paused right away, avoiding m elt wasted, reversibly, the

verm icularizing treatm ent and pouring operation can be

recovered im m ediately once the production line re-starts.

A nd,this process has also high sensitivity and quick response

to the verm icularizing control. O nce the treated m elt was

found to be underorovertreated,itcan be quickly returnable

to norm alby adjusting the wire feeding speed.

2.3 V erm icularizing process and its im provem ent

2.3.1 D isadvantage ofw ire feeding atthe tap

There are disadvantages in the wire feeding for

verm icularizing atthe tap.O ne ofthem is atthe shadowed tap

ofthe furnace where flows only a sm allam ountofm elt,which

results in a lower rate oftreatm entalloy to be dissolved and

absorbed by m elt.Itis shortofa deep reaction reservoiratthe

area and it is unfavorable to achieve the treated m elt

hom ogenous m ixed although the alloy added was as m uch as

1.3% .

A dditionally,the strong m agnesium lightand fum e produced

in the wire feeding treatm entm akes the working environm ent

worse, and it is difficult to deslag operation. To solve this

problem ,itis necessary to build a treatm ent cham ber at the

m iddle ofthe tap and to take som e m easures to m ake the slag

rem oval easily.But,unfortunately,it is not so easy to reach

the goal, yet, because of the lim itations in equipm ent and

tightened layoutatthe area.
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Table 11 S om e testing data ofw ire injection feeding
m ethod for exhaust m anifold production

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

Table 12 C om position ofthe R E-M g-FeS ialloy

8-18

0.43-1.70

M g

3.5-4.5

5.5-6.5

R E

7-9

0.6-1.0

C a

4-6

＜2

S i

40-45

44－48

M gO

＜1.0

＜1.0

forladle

forw ire

G rain size

m m
Functions

C hem icalcom position,w t.%

3.27

3.31

3.32

3.36

3.31

3.31

3.41

3.54

3.47

3.24

3.24

3.32

3.26

3.33

3.28

3.37

3.43

3.62

3.37

3.25

498.6

500.0

520.0

524.3

503.0

513.0

524.3

501.1

515.8

512.7

526.9

526.1

512.4

523.1

526.3

561.1

559.3

571.0

615

623.8

Tensile
strength

M P a

2.8

3.3

3.5

5.2

4.0

5.0

6.4

3.2

4.5

3.8

5.9

5.5

3.7

6.0

4.3

7.2

7.0

7.0

9.0

10.6

E longation
%C

3.80

3.64

3.82

3.64

3.95

3.82

4.05

3.94

4.09

3.94

3,94

4.22

3.95

3.87

3.96

4.04

4.20

4.14

4.00

4.05

S i

0.090

0.087

0.079

0.094

0.075

0.082

0.093

0.116

0.095

0.089

0.08

0.087

0.077

0.081

0.078

0.087

0.106

0.101

0.088

0.081

Ti

0.007

0.008

0.013

0.013

0.013

0.014

0.014

0.016

0.016

0.016

0.016

0.017

0.017

0.018

0.022

0.024

0.027

0.032

0.040

0.058

M g

0.017

0.020

0.016

0.017

0.017

0.018

0.017

0.021

0.013

0.016

0.016

0.015

0.016

0.018

0.016

0.015

0.021

0.016

0.018

0.016

S

80-85

70-80

75

75

65-70

60-70

75

85

75

75

65

70

65

65

60

60

60

55

45

10-20

V G

%

C hem icalcom position,w t.%

2.3.2 A com bination ofpouroverand w ire feeding m ethods

Therefore,two years laterafterthe wire feeding unitinstalled,

we m odified the verm icularizing operations,i.e.,the pourover

treatm entas a m ajorand the wire feeding as a secondary.W e

will m ainly utilize the pour over m ethod for the treatm ent

when both the equipm ents in the lines and the production are

in norm aland stable.W hen the m eltfading in the auto pour

furnace happened,we willutilize the wire feeding process to

com pensate the verm icularizing treatm ent. This is a

com bination ofthe two processes,bringing in theiradvantages

and avoiding their disadvantages. Thus, it m akes the

operations m ore flexible and controllable and ensures the

stability and efficiency in exhaustm anifold production.

2.3.3 The shortness ofM g-Tiverm icularizing alloy

R egarding to verm icularizing alloys, M g-Ti base alloy had

been used for two years.The m ajor 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

form ed in the m atrix. Particularly, for those castings with

thinner wallthickness,ifthe inoculation was notso good and

som e ofcem entite exists ata local (e.g.,atan end ofpipe),

even notso m uch,the m achinability can becom e even worse.

Custom er hates to accept the com ponents to m achine. To

m ake custom er happy,we have to add in an additionalrough

m achining atits finishing operation.O ne m ore problem is the

charging m aterial m anagem ent, particularly, the exhaust

m anifold returns thatm ustbe separated carefully from other

returns, to avoid them m ixed with others to create quality

problem .

2.3.4 Im provem entofverm icularizing alloy

For the purpose above,we had done lotofexperim ents on it

and decided to use R E-M g-FeSialloy as the verm icularizing

alloy, and stopped adding Ti into m elt. The R E-M g-FeSi

alloy hasthe com position asshown in Table 12.

For ladle treatm ent, the alloy added was 0.6% -1.2% , the

lower lim it for the first three ladles after the auto furnace

exchanged from its pouring ductile iron previously, and the

upper lim itfor the three ladles after the auto furnace having

stopped pouring for six hours atleastor after blasting oxygen

operation finished, of course, if everything in norm al, the

average would be added.

Since the im proved process was put into operation, the

m achinability ofexhaustm anifold had significantly im proved,

and the rough m achining procedure can be no m ore needed.

So far,we have already produced nearly a m illions ofpieces of

exhaust m anifolds since then, and the quality of them is

stable.

3 G ating/risering system designs ofS i-M o

verm iculariron exhaustm anifold and its

im provem ent

Because ofits larger shrinking tendency ofSi-M o verm icular

iron during its solidification,the exhaust m anifold casting is

easily to encounter shrinkage porosity problem . There exist

nine large or sm all hot spots along the exhaust m anifold

casting body because ofits variable thickness design.A nd,all

locations of these hot spots are close to the m achining area

and the custom er requires defects free on the m achining

surfaces,which m akesthe projectm ore difficult.

The exhaust m anifold were m olded in D isa m olding line,

vertically parting and pouring,and its internal features were

form ed by two sand cores.Because ofits large am ountofgas,

air and fum e released during the pouring, its gating system

design is required to be filled evenly and sm oothly,plus the

easily escaped ventsystem and efficientrisersystem forthose

hot spots. U sually, it is not so easy to balance all of these

concerns,som etim es,to pay an attention to this while causes

to ignore others. A t the beginning, we applied the bottom

filling m ethod to pourthe casting atfirst.
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Fig.3 A sketch of the bottom filling gating sys tem

3.1 B ottom filling gating system forexhaust
m anifold production

Based on the experience and understanding on the vertical

parting m olding like D isam atic line,forthe castings with large

size of cavity in height, it is favorite to use bottom filling

m ethod in its gating system design,thus liquid m etalcan be

raised in the cavity sm oothly and evenly,which is helpfulto

reduce sand and slag inclusions,butalso,to escape air from

the m old cavity and the cores.Forthis reason,we applied the

bottom filling gating design forthe production,see Fig.3.

The m ajorproblem in the process design is notso favorite to

feed, i.e., difficult to solve the shrinkage porosity defects in

the castings, as m entioned above, m ore or less shrinkage

porosity existed atthe nine hotspots.There are fourbosses at

the bottom portion ofthe casting,and m ultiple ingates located

here for liquid m etalinto the cavity,and porosity also found

here after drilling and screwing operations. W e revised the

gate with flat-thin shape,following solidification rule,butdid

notwork,too.A fterwards,we added a sm allriseratthe runner

below the ingate,although its location lower than the boss,it

worked,i.e.,gotthe boss fed by sucking liquid m etalfrom the

risernewly added.

Forthe fourports atthe flanges located atthe upperposition

ofthe casting cavity in the m old,atthe beginning,we placed

four risers for each ofthem ,cold risers,and found shrinkage

porosity in them after m achining and drilling. Then, we

relocated the gating system and let the risers hot by liquid

m etalthrough them as wellas m odified the riser neck into a

flat-thin shape,butthe results were notas expected yet,and

rejectrate was stillhigh.So we had to do 100% U T inspection

on them piece by piece,costincreased a lot.

A s to the largestflange ofthe casting,because there was no

way to place any riser atthe hotspotarea,the porosity atthe

location was even m ore difficult to solve. A gain, we had to

utilize U T to inspectthem one by one,and the rejectrate kept

high,average at15% ,m axim um at30% .Therefore,we m ust

change and im prove this situation.Finally,we determ ined to

adoptthe top-filling gating design asdescribed below.

3.2 Top-filling gating system forexhaustm anifold

The top-filling gating system design keptthe orientation and

the location of the exhaust m anifold casting in the m old no

change, rem oved the segm ents of the runner and the gates

located atthe bottom portion,and letliquid m etalfully flowed

into the cavity through the top risers atthe flange areas on the

upperportion ofthe m old,then placed chilling ribs atthe four

bossareas,see Fig.4(a)forthe sketch ofthe gating system ,and

Fig.4(b)foran im age ofthe casting tree.

This process design had solved not only the shrinkage

porosity problem atthe ports offour flanges on the top and at

the four bosses at the bottom , but also significantly reduced

the size ofthe shrinkage porosity atthe largestflange area and

m oved the shrinkage location from the criticalm achining area.

Thus, the casting rejects from the shrinkage issue were

basically solved.A nd the weights ofthe gates and risers were

reduced from 9.8 kg to 5.5 kg and the m etal yield were

increased from 38% ,the bottom filling,to 52% .

By im proving the gating system ,the solution forthe shrinkage

porosity problem was so successful, but the defects of gas

porosity,sand inclusions,slag inclusions were increased a lot.

For this reason,we changed the sand core to the shellcores.

Then the new problem to com e was liquid m etal penetration

into the shellcore.So we m odified both the pattern and the core

printsand increased ingateson the top and successfully solved

Fig. 4(a) A sketch of the top filling gating sys tem

Fig. 4(b) A photo of the cas ting tree , showing
the top filling gating sys tem
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the problem . Finally, we achieved the total reject rate,

including both internaland external,below 7% .

4 C onclusions

(1)U nder the high tem perature cycle operation conditions,

exhaustm anifold castingsrequired to have betterproperties in

both therm al fatigue resistance and therm al deform ation

resistance. For this requirem ent, verm icular iron has the

advantage,in integral,overthose ofeithergray iron orductile

iron.

(2)To achieve an optim al property of therm al fatigue

resistance, it is unnecessary to em phasize only on a higher

verm icularity. In practice, ~50% verm icularity is the best

choice.

(3)The therm alfatigue property ofSi-M o verm iculariron is

double or triple of norm al verm icular iron and it is an ideal

m aterialforapplication ofexhaustm anifolds.

(4)In the production of Si-M o verm icular iron exhaust

m anifold, the selection of verm icularizing alloy is very

im portant. M g-Ti verm icularizing alloy has wider treatm ent

range and bettersensitivity to wallthickness,butitcan cause

worse m achinability and higher cost on charging m aterial

m anagem ent. A n appropriate selection of R e-M g

verm icularizing alloy can achieve a better balance between

verm icularizing controland m achinability.

(5)For the production with D isa high speed m olding line

and autom atic pouring furnace,the vem icularizing treatm ent

ofcom bining pour-over m ethod with the wire feeding at the

tap ofthe furnace isa successfulprocess.

(6)The tendency ofform ing shrinkage cavity and porosity in

Si-M o verm iculariron is significant.Itis necessary to apply a

process design with top filling and hotriser,atthe sam e tim e,

and to considerm ultiple ingates and im proving vents forsand

coresasa plus.
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