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REND

K=4.4 (%Ti) +2.0 ( %As ) +2.3 (%Sn ) +5.0
(%Sb ) +290 (%Pb ) +370 (%Bi) +1.6 (%Al) (1)

FENEXRE1960FETR . Wi TIEXRA
8 ~45 mmEBERNIKF, FRARNEH (REHR
ZEBTMARNES%, HPI17TMHMRKEF®RETHE
), BREHULIPEFIRMN . AR TIELL200%7 Tk
[RECERAN 1630 IR EME SR A EM, REAARE
MideE, EEFEEENK, W, B, 8%, #f, @
FER o

MNER (1) FafllEY, HRERENREKL
B, Z2ER%, K, B, Wilis. L LLBRE
METRBERKUTE, BERECZEHREEEXT
3, ThielemannfRi¥ 4K ,=1+0.062 5, kIS
THEERE, RTLUREEBE8 %R AERIEKER
%, XplhEESE ‘REMEBEF RFMEK,, =
(1), EREEBETREMDBEMREZHIER

he
=
=3 o

EERETIIMHXR, LIEKREHUERDE
EARBLNPPNSKRREFKENANERKRE R, HP
ThielemannE B XTI AE S, MEFILTRAE
FAFIREAER, HRE T TFHNERARENEAFE
Et[S, 7, 9-10, 20]:

P=3.0 (%Mn ) -2.65 ( %Si-2.0 ) +7.75 ( %Cu )
+90 (%Sn ) +357 ( %Pb ) +333 (%Bi) +20.1 ( %As )
49.60 (%Cr) +71.7 (%Sb ) (2)

XNP,RAFEXBMFABEBRIREREIEE, 15
BIENFHRERKEF % . AATRENB 2R
fBttER, PAEFRK T TTEREHEER AR AR
BAIERSEE . P EBFRR T EREFUNGEEE; PE
WA, BREFHHMHAF,

AXLLTFE D, REBK A S FIE E— L4
B IREN—EHREHFRPNHMEFT T TRHIT 7T
R, W TEBLIRBEOTFNTENEEER. FiA
THETFHEIEEK, . PAGRERCIRAITTE 2 FIRIEEIF]
FUMER AV BEFNE LR . 101 T IR A S AL
NEMPBURRBSEMNESENESRE S mi
BREFHIAARIE)E

1 IXEHFRRERDMETEAGE
BRI

Gundlachf#ZIX HK, < 1.0, AJLAFEARERIRASE; X
K > 1.0, AJaEfEmii T AERES, EILEZIAG
TERPMTFHTENEEZM, Tl -SLEHT L

VBN B SR AR D HMEEETEZENRESS
2. F1"ZH TEkemAFID. S. White"Z2INAVES,
MR ESaE, JUBEXETENSESS
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Fig. 1 Flake graphite caused by high titanium content
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Fig. 2 Inclusions and carbides at eutectic cell boundary regions
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Fig. 3 Inclusions at eutectic cell boundary
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22 ¥4 T Sorelmetalss HAVF N ER S FHEL 14 BE
AFERIEREBLANHMEEETENRSR2",
FIAHGundlachFrEINII T tEZRESSE" . F4H
=[EApplied processPTiRINAIEF=ADIRIHME TTRIE
Ba8", RSEFOSECOEMMBKEFRMEBITEN

=25 A 2(15]

ExEm=mE

R2IETI0NMHEBEETR, BREEEX
(1) hRYBFIK; BEKR0.04% (BEEIRBIEG
B, KEEFEET0.04% ) , FEHRKE, KBER
(1) IHERKER1.579, RIEHIMHMEEETEN
B, BREEE (1) Fa9H; 28, 1TENKIE
21619, RZIE T 16MHETTE, BIFESL (1) F
FRrEBETIN TR, ITENKER1.672. XSHET
4NMIETENE, 88%K (1) RAEBEETiT
X, EXMIERNITENK ER0.653. AILIEH, X
FFEs, IHEMKETF1.0, AMAIFEME, HERK,
F1.5~ 17208,

oI LUB(EEEPREkEBE % E+, FIFFrELL
RLEFRFAIINHETRE=KIGEESRE. A,
EMFN—EEakigEEEBI RS2 R 88
89, FrLAK ERmgeEId1; ExMER T, TLAIAN
BT TERRFINTFIMTENEEN

2 RAWLERTHTEINEELN

BE, WRK >1.0, AEKETZREN, FH
BRI EAE SmRAVKREFK . EXMBRT, &
ZNNFE LI E @R P X LT TRITRH
BRERNEEFm.

TR EGIBREBFHRASTRNEEF
AR D p=FrE8: HEE, RITEMNESE. B
BRTREMNE, BN USEME I RERN
R EY), FDBRENR TS EMNMESER
AEAIER . RITEAITTRWSG. %5, . 1. 3K,
B, WHMAERKERFOTFEDRABERTN, 7
HEgB IR PRIEE . R ERE, XL&
TERRETELEEVFRABRBEAEENAETIR
(BHRIREFIRAEE) . MRFEITENOTRESE
RS, RITAIGEEBEREIIIETEZM . X

BEBAVTTRAIINGEMW, MREERD, BIIRY
ERSRITEER,; MRSERS, CIERENR
IRICTTER, (R EZRIAEIIRER ., RFRE
MR, TTERABIMER#ME . YT mITENTE, &
B ORI R & o B RN, BIAMER#R; P
LL, AREH®TPRITFHIRREE®E. THTEN
BEEMRZREARZM, FETRIARERTE
WHNIRREERE. BE, hRSS2IGEREFHFH

PRE—PTRFENNESE . NRFENTIITE
HEBI—1, WERASNZ MBI, HHk
B, BRRAEFFIMT=NEEERmE" & ',

Rl HEFHRERETEANTSERFRE

Table 1 Lowering of trace element levels over time

by White of Elkem wg /%
Ay

JLHR 1967 1998 2007 ~ 2009
L PiREe| mEEoE

sh (2~90) x10° 80 x 10 31x10°
0.000 2% ~ 0.009 0%  0.008% 0.003 1%

As (10~380) x10° 160 x 10° 53x10°
0.001 0% ~0.038 0%  0.016 0% 0.005 3%

(43+11) x10° 80x10° 11x10°
0.004 3% + 11% 0.0080%  0.001 1%

50% 10
Pb %

0.005 0%

2 Sorelmetal EWHIKEFH TN TERRESRE
Table 2 Maximum level of trace elements that can adversely
affect ductile iron properties, graphite formation and

matrix structure, by Sorelmetal wy /%

IR Fom i
Al 0.03
As 0.01
B 0.002
Bi 0.002
Cd 0.002
Pb 0.002
Sb 0.003
Se 0.002
Te 0.002
Zr 0.01

%3 FElement Materials Technology Wixom/2 5] Gundlach
BN TFHRTENESE
Table 3 Tolerances for trace elements suggested by
Gundlach of Element Materials Technology Wixom wy/%

JLH A
Pb 0.02
Sb 0.002
Sn 0.002
Bi 0.002
Te 0.02
Al 0.04
Ti 0.05
Zr 0.01
Se 0.01
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BT REBM T TERERNEMERN . B4
SNEEENEY, XEEL T eNE%RRPIER
B8, BOEReNERRXERE" 7,

MNFFTERIFH PO TIRTRAERERH
ATREAR, EREFFRAHENEETINTES
ERFHENFHELRPNEN . ETFTENELE
BEEERLER 1 2 EURTF AR S, XL
FKEEE0.8~ 1.1Z2[@"> ' ', BERITIHITENH
THERET R, FEFFR2BEEORE,

SFARZEHIE R, KA0.01%kPFFHT=H
BEERBKRET . WTEENF37 mmiy#EH, 13
ST LS R A MR ADINE, 5328
BT ESRE T TEROR" . BF, BikRTS
ST TENES, TENHIHS,; BHFIREHK
WIS, FBHIHIHHES,

FELREFR, HiE FEERMABIZE
ENHEIRFADTHMAENBEEZW. BT HHOTHT
TR, B, W EEZH, BLIIARESE BRI
FIANFEERIER, BEAREEIREASIIKER
B, XM, BEITEESRENHEAYRETE, HE
SRS AR TR IFIRCY), NMSHS
MW gERE . AT XEREEN, FERIBTNIE
Mski®, EERFRTERUITHNEECEKTED
[10, 13, 18]

R, UEEBSHEMIREBEL (> 90%IRIK )
BHETME TEE s P EOEREFER TR, K PWR
EHE, FLFEEEEIIEHID . #i&Riposan &
B, PRAmMASEESKIEEETFL, FMUEF
FEHEFNEFPHK,, RNHRST®HRNES

RE™,

3 BEEEHK,. PN KRTEZ
F0 3 5= Hl FO T Bk =5 55 X B9 2H 21
FOM4ERE
RiposanFE AN"""MEBEABNERENR, BiEF4E

¥k uNSorelmetal 3k, AR T FTHTENSEITE

W ESMALIBIREBHEURNEIN ., FAIARXNESR

QT400-18 IKEBEEK, IXLIRBHRAIIRIRWE FK E

£0.3~2.4208), BHRHAFIIEFPEE0.1~5.1, 8]

EIINNGE T TTLUERK, 2. 0K EHFH T =R R ER

WIER. TiENReMZ2ENRKRT, REKKRAF

RIE (K,=0.7~0.8 ) FIETXFREETE0.04% ~ 0.05%H55E

B, TN FARZENZ2ENKESEFY, Fafmt

SESEINEABRARIRG . FFLL, 33FK, <0.8H9

R, BIEEL (0.005%~0.01% ) 2EE, WFE

DHHKSEZEN®RREREEBN . THEEBOS.
HI-FERE SIERIBREHRPIIANG L, BESH%
TRIFEAFE, BABINEARAIAINE . SK,
<128, IIABEIREmAY, BKATL20, AR
TRVER, FEARRPEANN . EERUE
AR ES R EH R PRIE S .

%4 E[EApplied ProcessE I AIADIMMEBEETTEN

REAE
Table 4 Suggested targets and typical control ranges for
production of ADI wg /%
JLR R ait
Sn 0.02 +0.003 {XTEFRTZHIINA
Sb 0.002 = 0.000 3 {LAER ZERHNIA
P 0.04
0.02
(6] 0.0050
Cr 0.1
Ti 0.040
\Y% 0.10
Al 0.050
As 0.020
Bi 0.002
B 0.002
Cd 0.005
Pb 0.002
Se 0.030
Te 0.020

R5 FOSECOEWHIKEHUMEATETLEREIE

Table 5 Maximum content of minor elements in

ductile iron by FOSECO wy /%
JLR o
Al 0.01
As 0.01
B 0.002
Cr 0.05
Mo 0.01
Sb 0.004
Bi 0.001
Pb 0.000 4
N 0.005
P 0.04
S 0.02
Sn 0.01
Ti 0.02
\" 0.03
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RAIL, SN, BRIAERE. HBTIOA
SNZ2BHR. BAAREWEF (P,) IREKCETF
(K,) 33FQT400-18EKBHEHAIMREEEEXIN . i
RAEKI, BT MEURTFEREH K P HEMNEMHNE
BETEKE, #<0.03%, % <02%, P, <2.025%8
BERURRBLANERRG, EEMNB2SEEMNIE
BT, BINHMEEETER (P,>2.0) , BAAKHETE
HBRBRPETE; A, EREAEIRIAGNIEE,
FRBEBISEIA RN, HEFSHEHPFEYURAKER
BY, 8% (P<0.025% ) MBRENEMHMEFINT=
(P,<2.0) BIFENSHESE (0.32%~0.38%) .
MRERTFIMTRREE (P,<2) , EERSH
(0.04% ~0.045% ) 5% (0.25~0.35% ) AIQT400-18
RS IREBHIIN ARSI EAMERE ",

HREDFE RIS EEKZIEEER, +
G H SR TP K B, BBITLIRSH®R
aERE;, XESSERDTFHRREERSHIPAE,
RERENZEHR"",

Grenier, ""& AR T AEE LS BE IR
FIEMNFESIHAE (19 cmx 19 cm x 20 cm ) AYKIR
(-40°C) WEI,. il ER MR EHRTRERE
JRERD AR Tiupk, HLLRILRENE (£ E
BJ18) ) AEkBHHRAEEX M EENSIN. B2/
IRBOBREBEES (C=3.2%~3.45%, Si=2.00% ~2.25%,
Mg=0.035% ~ 0.050% ) FX1SHIFIHHINES.5~ 1581,
IR T — QIR FRXRARKNMATERZH (12
EMERTEZR ) , BT R hEE T
BRSERTTE Z F=Cu+Mn+P+Mo+Cr+Sn+Sb+Ti (3 )

MR E ERENE P, HEF1E0.1 ~2.92(8),
EEYARTTEZ FI1E0.09 ~ 0.55 27 (8] . E4FIEISHIHILE S
R ELMERIFER, SRAINHINIFP,
AR ERAAR TR Z AN D BB &R R o

MNE4FE S E] LAF EH P IR EA TR Z Fli
&, FOEEhERHES. XEEDBEREEFPF
KT EZ IR, HERHENSEEREK. B
THRPENEIET12 ), PAEMZETFL0, BT
ZRIROZARTF0.25, MRS EEEEE, HHHREH
0¥, EWHERSHFERNFRELES . FiS WaETLL
B EHTFTENRD DM ETRSERIESEK
SBHEHUNE=S.

4 EXEEIkEFRXPRIERRKEG
=R E T
M FEEENEENRBEY, RIAEABS
TRIERHZUTERLITRY . BCDTIRGS
fiE. ATWTFEAMERBHEYE, KB ST

BEISRIER AR, SEXRITRESHAERAE., X
FESAE T B AR R B NN
BRRABRELEESHME TERERFILINL
R, ERERNHEHTREBRHEHEBRE TN
=, RNERKASEEGHEERE, MESK, HEE
TERHRIASE . HRRASENIRIRIE R
BRT7TERRRAZENEEERIZESLERN. &
HORAEWRBHERN D ZHEEIEEEE. A0, R
RSBE A BERRM25%, (RISEROTREMR{E80% ~ 85%,
SHRAEEEAMEIREE SN ERE, FHit
AEFUFEEAROAR —BET" > "2,
SRR AR A E TR ERE, AMmERRTLE
EARBET D TBRMIBERE . W—LEHFIPEFEERN. &
B, BRI ASEMERRNE ( >50 mm) , EIENS
HRE, 2EAZLNISK. 5. . ], 155
EETEEEX. 0.02% AR EH AR RIE
2, SEERRARER. A, Efth—®iflax
BB, AILASSIFRAEE0.02% A2 HIEuAa R,
3, TorreZE APNIY2 (E25 mm) , Y3 (B
50 mm ) F1Y4 (/575 mm ) BE/RIGHREKEES (RUMR
HEEN1563 ) B5S T BEBOUR A A RANH] . XE{R

Wy

R=0.7508 ==

0 0.5 1.0 1.5 2.0 2.5 3.0 35
P T/ (—-40C)
E4 —40 CHFEYHREINIPFAFAIXER
Fig. 4 Linear regression fit between average impact resistance at
-40 °C and P, factor

18
16}
| ]
14
12
=
KR 107
# gl
Fa
6k
R=0.8517 L]
al
ok
0 , , ,
0 0.1 02 03 0.4 0.5 0.6
BRMTCRZA (—40C)

Els -40 CTHFHYREINFRRATEZINRR
Fig. 5 Linear regression fit between average impact resistance
at—40 °C and sum pearlite elements
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BEFrREENE. mi%mL, ARBT7TARNEZS
FIGLEE; XIS TIERA 8815 B A S ERETHE bl i
RRASEEFMELS, XNRESEMAR LIENE
CHZ2ENRIRKaEETIMEFEN . HREW,
BREENERMENAFE LT ERIRABHES
FRIRIER, WE6™ . XM MERUFFEEHIW =AE8F
&, B {R kAR . A, MiZsaE
N2, XMARPNKREFUEKXEH TII=RIFER
1. ARARKE T Y2E T RAERIKASE, &
EEGERENESHTSFELIE. 2HEHE, XK
THIBREREEE, 2450.004% ~ 0.005%HIEK B 55k H i
BRAEXEE/) . X MEESkaland™ FrRIBRIRIE
SEEREERE, #H—S@NEHRY, XMEES
PR

N7 EOEMBEEREFR PR RRAE, B
BRNMABTIMETIHTTEW. 8. A, B2
IIABIB BT INTRL R FE . ASKFE T —
MDA EHEOWATHLUS AR RE S SHHER
SMW INSERTTM, LUB/DIEHURAES, 24, Tif
TUERW. 8. BNBEHERREMNERCARETE (F
6) ¥, MINIXLTTERTRESEER AR > * B
LA, SF=gh R ARE R ARTEBRSE S LA T4/ VO
RIDANRIR LA, 6. ASBAOLLAIEFEER, BRT
BEEEEREF AP USSR BENRIRGM,

REA, WEERASNEHRNIBILSETEIE
7, NHEEME—SRNARUBETSHRE. TE
BRI A EHIEAREIREE .

5 XASHEMESEERE~Sm

FERFLRY, SR RFERERHIR . B
BHIRESRROR S, KAMEE (5.5%~6.5% ) F{E#H
T (0.5%~0.8% ) BRILFIFHITERALIE, IIAZENA
1.1%, SNt He ik EAEmLeimeE, B

100
® Y2
* Y3
80 o Y4
60
S
3
= 40 °
> 8
20 , ©
*
0- I 180 —008- Lo
0 0.1 0.4 0.5 0.6

2 0.3
EHR%
Ee6 2MENERREEHE (fu) I
Fig. 6 Effect of cerium addition on the amount of chunky graphite
F6 —LRHE (+) AR (+) FEATEMELE
Table 6 Mn-equivalent for several elements favoring ( +)
or preventing (- ) pearlite

As Bi Cr Cu Mo Ni Pb Sb Si Sn Ti V

6.7 111 32 2.6 119 24 -09
48 2.0 24
1.0 -0.9 52 1.2
2.2 148 29
4.0 0.5 1.5 10
1.7 133
1.7 09 -0.6

R BHEBRITETRHEBTENRE

Table 7 Content of main and trace elements in

high purity pig iron wy /%
[RERE S A CosL CO8L CloL claL
20105020174, JFdLERLL (LFS) Hl AR ¢ =380
NS RFE T SAIBE s EEs., £7-945 Si <0.70 0.70 ~ 0.90 0.90~1.10 1.10~1.30
TIXEEESAEBIR S . BAEKRN I MHETTR ok <0010 —
(Cr. V. Mo. Sn. Sb. Pb. Bi. Te. As. B. Al) Ti 1% 0.010 ~0.020
ZH1<0.05% (£8) , BEAEKPL2MIBTEZ 2% > 0.020 A <0.030
F1<0.025% (R9) . XUHEEHRNTT LS RIERE wn B <005
FHITF TR 1% > 0.05 f1=<0.10
L <0.020
P
51 =aE. MMERPEHIMERISARIAIRE X 1% > 0.0241<0.03
ZELIR, BINERTIMBRAS—EETEEFH g B <0015
TEHRAIRESHQT400-18AL (40 C ) KIS mRIkE 1% > 0.015H1<0.020
RS BHALHRETZENESSE
Table 8 Maximum content of trace elements in high purity pig iron wg/%
Cr \Y% Mo Sn Sb Bi Te As B Al
0.015 0.015 0.008 0.003 0.000 8 0.000 5 0.000 5 0.001 8 0.001 0.01
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KiB1d90% . B7ERT=mE . MR PERERARK
EHERRHEBI A EMERAR,
HEXASEEYR, REFUNRKUEF
K, <0.6, BRAAKREMEAFP, <0.9, FEIREHH
FERENNRNMHEEE TR ZMKRIRENEE
(2T<0.09%) . XEFEHTEBER T HRALRNR
KAE, FEPFERNAE, X—RaJ B ZEM
BUEER (E7) . BREHHRAISLIR D ZMEREIAT)
37 5BE400 ~ 420 MPa, [EIRIEE260~290 MPa, {H#
KE24% ~26%, -40 CHHEI4~16T - cm”, EE
HB 140~ 180, HiITAYHIGIUERRIXLEEREFHEIRTE-60 °C
BILAZRSQT400-18AL (-40 C) [ESHIMERE, BRItk
SHERREEXET20 C,
HENTDESHIEEREFTTTTRZH SIS,
RE—HEFERATEN . BARZREIZL60FIIRER
P, BRMBHELI60% ~ 70% 2 HFFHZZu43|#2
19, NEUBERNNEINERZ—, FE2FER
R, @\ BRBHR TSP R NTEERT
FZH), TEBRTEIYIRHATRRNSESEE.

5.2 RASHLEKIEMREXKEEKEEX PRI

BIRAE

WZRER K FHE W BRAB N —REEBRNBEF
KBIBREFE UM, E8&AL110 kg, KE1 500 mm;
BEW K3 mm , FEL80~90 mm, HHHHE
KIS MmEAIKEEK, FRTFBERIIRAEFIRER
. M, 4r-HiE, mIKaEERHIEERE
R, FEERHEEK., BKEHHEMHRFPHREERER
M. Gk, ERIEAT0%=aEk, SREHRIRAGE
Bk, BETEREK. BERILR T 2&INF160%
SBAESREFIAERS . KA0% e E keIt
AR TR AE.

5.3 RABEHAEKEr-BAMEIREE ARG

NTHBREFBERMEEKEFHER TR, —L
BURABSAEKRHT TR, T e XA
100%BEAEKNER ( RIMARII—LE%REE )
IBERBR, REREHIERESSE (6%, 0.5%
fh) BRICRLIR, ANNEE. ®Ekis . LEBERISIRIRA
@800 mm x 1 000 mmAYIHIR; IHRFIRFIRAZAIR
FARAR43 to. MRPORREREIEER, K42
13 h, FFXBREE, BEEIER, SR FEGOL
MBS ASES . IMRPOEEEREZE20 ~ 40
Nmm®, ARFRIVIRRES, REAMERIKA
£, SkER, RBEMRMIEKHBRERR, X
BRFER I RIFT T IAIE, MERSBRE
INSENERE, BRERSEEME, NXB3~4 h, {7
XASAE (EPREBMEA L) , Etpdias
HEeiEE . MRSt E, TFRRER,
AR XA ASERKAE ., XTULIER
IEBAR AL T2 ERBERMmEkEE
YeohpmrtuR AR, HEMENR .. SRR
RNFERRz—HRERHRRNEFEIEES. AT
DAXRBBeEE%RAEMR, KX{N50.092 16, X4
BT 1.0; B, SEFRNAEH TR
RETTERERNNRPMHIETR 2N <0.025%; I

T EBRatsIFExENNfMETER8mEg S

Table 9 Typical content of main and trace elements in

ultra-high purity pig iron wy /%
JER C Si Mn P S Ti
5> % 3.5~3.8 <050 <0.02 =<0.008 =0.01 =0.005
IR \% Cr As Mo Sn Sb
5 % <0.005 <001 <0.0008 <0.002 <0.0002 <0.000 1
JLE Pb Bi Te B Al Cu

J853 % <0.000 1 <0.000 1 <0.000 05 <0.0001 <0.001 <0.008

(a) fi88B35

(b) iR
E7 SRINEEORSERE. SR PESRRASREHFRIEIIASMERAR.
Fig. 7 Typical graphite morphology (L ) and matrix structure (R ) of axle box for high-speed train bogie
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Fig. 8 Graphite morphology in blade castings made from a fully scrap steel charge and 60% high purity pig iron
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Selection of Raw Materials and Control of Trace Elements in the
Production of High-Quality Ductile Iron

BAI Jia—xin
(Longfengshan Casting Industry Co., Ltd., Wuan 056300, Hebei, China)

Abstract:

During the production of ductile iron, the selection of raw materials and control of chemical composition are
very important. In the early period of ductile iron production, many people studied the effect of trace elements
on graphite morphology and matrix structure. Due to the adverse effect of trace harmful elements on graphite,
the maximum allowable content was decreased year by year in the past 50 years. This paper has reviewed
some of the suggested ductile iron trace elements in the literature and in several Chinese foundries. It is found
that for most ductile iron castings, rare earth elements are still required to neutralize the harmful effects of
trace elements and improve ductile iron quality. It is also found that the use of high purity and ultra-high purity
base iron melts enabled integrated, safety-critical and complicated ductile iron castings of varying thickness,
and heavy-section, to be produced successfully. These ductile iron castings have surprisingly good structures,
and their mechanical and dynamic properties are vastly superior to those specified in current international
ductile iron standards. Further study is required on the effects of using high purity and ultra-high purity base
melts on the structure and properties of ductile iron.

Key words:
trace elements; anti-nodulizing factors; pearlite factors; chunky graphite; high purity pig iron; ultra-high purity
pig iron; high quality ductile iron
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