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Oxide Inclusions in Mild Steel Weld Metal

Hiroyuki Tsukut,

Synopsis:

Yutaka Tocasui, and Takashi MITAMURA

Oxide inclusions in mild steel weld metal were investigated. Oxide inclusions isolated from mild steel
weld metal by ultrasonic agitating dissolution method using I,~-CH;OH solution were classified according to
the size (5 microns over and under) by ultrasonic sieving method, and observed by optical microscope.

Larger inclusion particles over 5 microns were analysed by electron—probe X-ray microanalyzer.

It was found that inclusion particles over 5 microns were spheroidal (MnO-SiO,, SiO,, and (Mn, Fe)O),
angular (Si0Q,), lumpy (SiO,), platy-shaped(5iO,), prismatic (Al-silicate), pine needle- or stick-shaped
(Ca-silicate), and string-shaped (Ca-phosphate) in shapes (and compostions).

The amount of inclusion particles less than 5 microns was about 90%, in oxide inclusions, and the greater
portion of these was MnQ.SiO,, the size of which was about 1 micron.

Ti-oxides which were confirmed by X-ray diffraction in inclusion particles less than 5 microns were «—
Ti, O, Ti,0,, and FeO-TiO, when Fe-Ti was added to the flux of low hydrogen type, while TiO,(anatase),
Ti,0;, and FeO-TiO, when TiO, (rutile) was added to titania and cellulose type in the compositions.

The mechanism of formation of various oxide inclusion particles in the weld metal was considered.
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Table 1. Chemical composition and oxide inclusion in base metal and core wire for covered
electrodes (%).
Chemical composition in(c)l);iggn
G Si Mn P S O Si0O, a
Base metal 0.14 0.22 0.75 0.011 0.016 0.0044 0.0021
Core wire* 0.07 0.01 0.49 0.013 0.011 0.044 0.0105
Oxide inclusion

. ALO, FeO MnO TiO, CaO P,0; Total O

Base metal 0.0044 0.0040 0.0003 — 0.0004 0.0010 0.0049

Core wire* 0.0023 0.0462 0.1058 0.0039 0.0005 0.0053 0.0456
* JIS G3503 SWRYIL C Si Mn P S Cu
(%) <0.09 <0.03 0.35~0.65 <0.020 <0.023 <0.20

250

k20

—J
100 ——t6{ - mm

Fig. 1. Welding method for test specimens.
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Table 2. Analytical results of chemical composition and oxide inclusion in mild steel weld metals (%).

. " Oxide
I Chemical composition . .
Coating type \‘ L L - inclusion
J ¢ | s 1‘ Mn P s | o¢ - sio,
Tlmenite ;010 | o010 | 0.7 0.018 0.012 0.088 0.0913
Lime titania , 0.08 0.16 | 0.45 0.017 0.009 0.075 0.0851
Low hydrogen ! 0.09 0.59 1 0.72 0.014 0.012 0.032 0.0297
Titania 0.07 0.36 0.48 0.019 0.013 0.078 0.0984
Cellulose 0.15 0.19 0.38 0.017 0.015 0.060 0.0534
Oxide inclusion

Coating type
Al,O, FeO MnO TiO, CaO P,0O; Total O
Ilmenite 0.0032 0.0234 0.1045 0.0036 0.0010 0.0030 0.0823
Lime titania 0.0022 0.0087 0.0862 0.0066 0.0003 0.0025 0.0717
Low hydrogen 0.0022 0.0038 0.0167 0.0393** 0.0005 0.0039 0.0368
Titania 0.0037 0.0033 0.0358 0.0296 0.0003 0.0025 0.0763
Cellulose 0.0013 0.0068 0.0360 0.0403 0.0005 0.0030 0.0565

* TInert gas fusion gas chromatography
**  Calculated as Ti,O3
colorless : a, e, f, g, j, k, I; black : b, ¢, d, i, m; grey : h, i;
opaque : a, b, ¢, f, h, i, j, k, 1, m; clear : d, e, g.
Photo. 1. Larger inclusion particles in mild steel weld metals.
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Photo. 2.
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Characteristic X-ray scanning images of inclusion particles.

% Photo. 2 ZiRT.
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Photo. 1 (a), (b) R LcERIROFFI13 Photo. 2
(1), (2) wFRTk5eLbBED FeO %4A7 Mn-
silicate % % bR 5. #h45 Table 4127/ TX 51c
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MO AKERS % 5>, Table 2131 LI ED DRSS 5
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7%, Fe 37T, MnO IGEWEE2 5RE. &
A v T4 MloZIz BniZEh, Eicizdedic
Slxd»o7z. Photo. 1(d) iR LAERIKIT Photo. 2
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3-3-4 Mk

Photo. 1 (j) WARTHFIX Photo. 2 (11)
X5 Ca D LIS,
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R
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Photo. 1 (k) it5R"¥T DIk Photo. 2 (12) itF+ X
51T Ca-silicate & x SN 5L OMAKIZHH S AT
&7z, Photo. 1 (1) RTHEROED L OITHE
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Photo. 1 (m) iz/R¥H Dk Photo. 2 (13) wRT
X 51z Ga-phosphate L% 2 51 %43, DRI S
PTTER» D7z &7 Table 2 iR+ X 5 Ca &
CHESTPENSE L, Photo. 2 (13) #RTd Ca ilt
NCPIRESEEMICE VDT, PREBLTWS L
FEINB. F72 Photo. 2 (14) iR+ X 5ic Mn, Fe,
S, Al 2530 LIE LIRS SR S, Al 13 P
DEFETHIESCRDLNEBELTVWEDTHES 55,
X OERBIIE LT TE D7, Fe i3 POIFE Lis
WIESIZEED B, FeO THAr 5 LBbhsBniEL,
WWTEeh2lz. Mn DBFFRICERD LR 5 DEERIKD
N R F (Mn-silicate) 2375 LT %72 & Bbh
L. WThIZE XKD b D12 Ca, P REETHDT,
Ca-phosphate 2534 L 7> T 5 LH#EEXN S,

Table 3. Results on Ti-oxides of X-ray diffraction of the residue separated from weld metal by

dissolution with I,-CH;OH (149;).

Titania .
Low hydrogen type| (oliulase |1YPE ( T ‘3;:’) -TiyOq8 Ti,04 FeO.TiOy®
Fe-Ti used Rutile used natase
Observed Observed
dA /1, dA /1, dA /1, dA /1,
dA I dA I
3.77 M 3.80 S 3.732 25 | 3.73 50
3.56 M 3.51 100
2.78 S 2.80 S 2.74 100
2.68 VS 2.71 M 2.68 50 | 2.712 50
2.57 S 2.58 S 2.572 60 | 2.54 85
2.55 M 2.52 50
2.46 w 2.435 9
2.38 w 2.379 22
2.34 w 2.336 9
2.26 M 2.27 M 2.277 8 :
2.25 S 2.25 w 2.21 20 | 2.238 35 | 2.23 70
2.14 w 2.20 M 2.116 12
1.89 M 1.89 S 1.891 33 | 1.85 70 1.865 35 1.86 85
1.74 S 1.75 S 1.704 | 100 1.72 100
1.72 M 1.699 21
1.67 S 1.67 M 1.665 19 | 1.69 50
1.66 S 1.68 100
1.66 S 1.61 M 1.62 20 | 1.634 12 | 1.63 50
1.52 M 1.52 M 1.510 30 | 1.50 85
1.48 M 1.49 M 1.480 13 | 1.49 50 | 1.483 45 | 1.47 85

V =very, S=strong, M=medium, W=weak
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(5) 5» wp

(1) Tlmenite (2) Lime titania (3) Low hydrogen
(4) Titania (5) Cellulose
Photo. 3. Inclusion particles in weld metal of
various coating types (optical).
3.3.7 Ti-oxide
5 p L E DA F OIAEE LA LICRA/ K 5 Th
5. L LAEDOSHTRG & LT TiOy HEKEER,

F & = 7R, vvo — B RIS BICER S i,
5 p LA EOALERFITRERAMEE T Ti-oxide LB
NAERFERWETZENTET, 5 p TN
FELTHET D LEESNDED, CREDEE—FEIC
BrhdZEpBFEzLh, 5 pUTRLRWAET LI
Bt TH ot T TiO, EHEOBHWHERD 2.2
TEREEER 7 «vE— Tk Al iz b 2 XiREHR
LTEDOREL BT L, F&HR% Table 3 i3, K
FE a-Ti0, TiOs?, FeO TiOP®, F# = 7%,
o — AT TiO, (anatase)®, TiyOs, FeO:TiO®
LEEINDEHEEED. Ti03 3 X U FeO - TiO,
DEPFHEIEE LT CTHBIS T L, FeO &
HEBDLZVWOT, EAERTE a-Tip0;5 Ti0y F
=7, ¥io—XHRTE TiO, Ti,0y OEFHEH
SVWEEEEEND.

3-4 BHEBEEONEY

BHBERONEWE RN (5 p L) I UYL
RATEDCH T CRFRMBETHE L ER 014 %
Photo. 3 1ZR7.

3-4-1 5 pLLEDTEW

ANVEFA MR, 544 FH=7 BT HRIK (Mn-
silicate) 23% <, BRik (S5i0;) bR HH, #I AWA K
DT (SiOz>, Ak (Si0y) 1 ieh o7z,

{EkER, F2 =78, o —~BEHI ARSI
®ﬁ#(&@)# SR BN, FESKE (510,) 3%
< ikik (Mn-silicate) $ R 65, &0 o — XEGTBRIR
(8i02) H %\ .

T 7o AW I IR (Alsilicate), RFERD DV
vikEdh (Ca-silicate), #ik (Ca-phosphate), 2SEATIC
B VAR RS,

3-4.2 5 pLATONEW

4T A4 SRR RNE 2 OFRIRDSKERS T, HT A
Ak, BRSO LRELGNS.

Z OO 1 p BEDIRHB KIS T, # 7 ABA
RoBE o, WIKDE <E6h5

Bl EofER2EIRE XL ORERI X LEHEITE LD
5: BB X% Table 4 i7" T X 5CTH5. 7272 L Table
4 » Ti-oxides |z 2Tt Table 2 31 ¢ Table 3
DEERP HHBEE L.

3.5 REBSIUEBSH

NEWRTFE2 S pDSLVTHTT, 5 p U EONE
mE Ak, Table 2 R LAEDRSDEEHD
HELTHESfizsky Table 5 wind. F£725 L
TFo Si0, & MnO #:kdT Table 2 s 55
BWLTC 5p Bl SiO, & MnO %3k Table 6
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Table 4. Quantity of inclusion particles of various shapes observed by optical microscope.
\ @ Spheroidal Glassy ];‘}:1;?)5 (;.
Compo- a, b c d € f g h
nent
Coating MnO-SiO, | (Mn, Fe)O Si0, Si0O, Si0, SiO, SiO,
types
Ilmenite +++ + -+ + -+ +
Lime titania +++ + + + +
Low hydrogen + + + 4+ + + -+ +
Titania ++ +++ + ++ -+ +
Cellulose -+ +-++ + +++ ++
Ilmenite + 4+ + +
Lime titania + 4+ 4+ +
Low hydrogen +++ + ++
Titania +++ + ++
Cellulose + -+ + + +
wp cs I;;:;?)gc—l :;;ltsl_c Pine needle-shaped ig;gg& * Size
T~
Compo- i j k 1 m
nent
TiO
. Al- Ca- Ca- Ca- L2
‘th;téfg Mn, Fe)O | yicate silicate silicate | phosphate Fe?)l?(T)foz
Ilmenite + + + -+ +
Lime titania + + + +
Low hydrogen + + + + 5p up
Titania + + -+ +
Cellulose + + + +
Ilmenite + +
Lime titania -+ +
Low hydrogen + + 4+ 5 p under
Titania -+ 4
Cellulose + + 4
. * Not observed; a~m : Show in Photo. 1
+ ++ : very much, ++ : much, + : little
Table 5. Classification of inclusion particles. Table 6. Ratio of classified SiO, and MnO in
weld metals (9).
Inclusion Ratio (9%)
particles (%) in oxide )
Coating in weld inclusion Coating Sp up 5 p¢ under
type metals particles type SiO, MnO SiO, MnO
S5p 5p Sp Spu .
Ilmenite 0.0203 | 0.0204 | 0.0710 | 0.0841
Up | under | up | under Lime titania | 0.0069 | 0.0063 | 0.0782 | 0.0799
e | Dol oan| wy | my Lo b | D005 GO G0 000
pime titania | 0.014 ) 0.178 | 7.3 | 92.7 Cellulose 0.0034 | 0.0007 | 0.0500 | 0.0353
Low hydrogen 0.006 | 0.090 6.3 93.7 ) ) : :
Titania 0.024 | 0.150 | 13.8 86.2 o T a_ o -
Cellulose 0.012 | 0.129| 8.5 | 91.5 1 p BEOHRROE»TH 7 AW ROKTF (Si0,) 3

CFRT WFROWENL 5 LFOMEmL L 90%
ZEDD. AT FA M, T4 A - Fr=_T7HRIXI o
RIROBRIRKL T (MnO-SiO,) MAIEMODKERS % 3D
BLEZLNG. BAER, F2=7R, o — IR

%L HDEEZLN, THIL5p DITFieix Table 2 %
KO Table 3 OfEE» 5 Ti-oxides ORI FH %\ &

Ezbhs.

Table 6 (TR L7z X 5 i #E T X >T SiO, & MnO
DEIGRRL DD, TR THhOWHBEND X OEE I hE

— 115 —



1736 & & #

= 63 4 (1977) 105

FieldI
Si0,
15 r Field Il
® A
<ok 2OMNOSI0,
-
[s]
) FieWIII
Ag FeO-MnO
> e L
0 05 10 15 =20
Mn (2%)
® Iimenite ; O Lime titania | o Low
hydrogen; m Titania; a Cellulose .
Fig. 2. Relation between Mn, Si content and

composition of inclusion!®), and compo-
sition of weld metal of various coating
types.

BRESTHFERLLEFZLND.
3.6 NMEPOEMBE
NEHOEFBERE T CMESIC I DTHLIIES
RTWBEYY, FhizIhiE>2EDX 5 THD. Kor-
BER ¥ X U8 OELsEN @ SiO; fafio FeO-MnO-8i0,
25 2 T % SR RESATRRIC OV T OARIER
2RO R OREIRE T oREX (Fig. 2
R Z AW TAENDON & Mk & OBRFREH T,
IEE SRR AWT, o Mn X0 Si Offss
TEhE, FoEERFCHTR T 2BILHOMKRSEE S
5, BooEaEkERO2REVE, Field I DMK
whHEMIEED SO, (AlEokR) =T H L,
Field I #LAkic & % 7E5RVE SiO; AEFFIDOHAED Fe,
Mn-silicate (EffE) ZHH L, Fieldl DfKic® 55
$Hr: FeO-MnO (FlEHK) %#THT%5. %/ Feldl
ORI H DEMD SI0, HHC & bR Si & A D
T3, Fieldl opke? b, Fe, Mn-silicate %47
HIsXorisdz E2BSMT L™

3.6-1 SiO, ¥ & Ut Mn-silicate

AEBRICAWAERERDOBELED Mn XU Si
DiEEEaOIKEER (Fig. 2)9 iz Fe v bT5 &K
EH, FH=7H, vvo—XB, 446 Fr=7H
1k Field1 wwh b, EiEo SiO, HrHitk, WED Mn-
silicate #HHTHLEZLND. A ViF4 PRI
Fieldl wd 5 DT, WiED Mn-silicate Z4THIT 5 &
#z b5, FhboEmid Photo. 3 kX f Table 4
CRTISCMESOZERY KIRIE—F L. LA
WIFA MIZEWTD Si0; LBbh A7 AWHIK
DOEE2 DD, WHKDODD, WKDODOBRETFITHL
Tv5. ZhILBOAERFRIC Si0; LEBbhDH 7
AW ROAE DD, RKODO, KOO (F

o 504 - 50,

Relation between angular and platy
inclusion particles.

RCRERETCHOR) BETRWEIhG b,
IRLHBEHEFTEINELADDOEEZLNRS.

3.6-2 7 ARk (510:) OBESHDEIT
WIRD DD

K5 ZEHD DI 10~20p DHDMREYV, B
1y DT THAS B, T OHHIEEHOGRERE
BELVWZ ticEERT S :ELLNRS. BiE2dDI
T KB D 0 (50~100p) BEL, XV REHY
CHE LD D, HEWVWIEOEDOE - FRBETSE
XHOE — FREEHBRLTHRIROLDOMRELADT
B wvwirEEz b5R3. Photo. 4 RT DDA
7o DIHIRD D DOBEEFIFE LTV BERFERVAZL
F2bDT, TOREEZRTEZELLNS.

3.6.3 Bk SiO,

Bk DI B H O TF (810;) BRSO T
(5i0;) MO EFDE — REBETLHLEHBELZT T
IR LD EELLNS.

3-6-4 FBEHAED SiO,

DO RWEER S Si0; LB HRT
I EAERFERER DD TH 2 L bEXT, Bl
DEREEESETVWE EREME LD DTERALLD
MBEL S EEZ LN, BEEBCETRVWIEINDGTE
HD L OFEMDIE L WA L2 D THSH 5.

3.6-5 (Mn, Fe) O

(Mn, Fe) O @4 wid4 MITOLLERWIES
#u, Photo. 1 (C) 3 X8 Photo. 2 (3) R LKL
T3 silicate ZELADWBLEO>THHLAZDOL
FEOND. A F4 NIOEEEBOMRITIEED
Fe, Mn-silicate Z4TH 3 5435, Si &BEI K V-T2,
BT CEE R T BHR & 7 BRI B 5 b D
LEzbhD. ZREMNEDBFHREHICI>TAED
FFRDOBUNER T DWW T EDHEELZRD TV Y.
Photo. 1 (i) #X U Photo. 2 (10) KRLALED
MnO %[ U7z FeO 1338% @ (Mn, Fe) O Eif{k
CHARTKBC, 25 S HBERAREDFELDNDL,
ANTFA MR RBWEINB LD ONEDE DFEX
b2, WithpaHBlx T &ikroi.

3.6-6 Al-silicate, Ca-silicate, Ca-phosphate

Photo. 4.
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Al-silicate, Ca-silicate /0O HEIPRICRWAEX
f, LR ALO; CaO, P,0O; &HEIIEELEH
@ ALO;, CaO, POy BITIEVWEEZTRLTWSZ &p
LEZT, AT TPLORARDLIEL, LEFHD Al-
silicate, Ca-silicate, Ca-phosphate 23¥E8Rb iz B U5A
HOENTHEITH L:E2oN5.

3.6.7 Ti-oxide

AREBIZH W ﬁ..ﬂi?’k-;ﬁ‘ BB Fe-Ti Z2inz7-%

DT, Ti TX5HEBEORIET, FeO-TiO,, Ti,0,,
a-TiOp PAER LW —ERBHRICE CAD i &%

26D, ZOMOWEIITA VI F 4 bDBWIELF
—VEMEAIDDT, AN FA MY, S48 F&=
THRREESERD TiO, EFES <, LD
TiO; BEENTWVWBZ &b D, 2T IhbLDBEAR D
WEEZOLNS., FA=oF7H, o — XH3 Table 3
WR L7z X 91z TiO, (anatase), Ti,O; FeO-TiO, %3
BIEEBRICAEL, AT FOMBEIC X2 TEEBRLAS
D TiO, BMBEITGINCHMPICBATS EH#HESHh
5.

3.7 LBEPONEYMEOHE

L (ERE Y & R PoBbiEdmTIs cic 3.6
Wbz X SicsED Si0,, Al-silicate, Ca-silicate,
Ca-phosphate % &%r53, (2~ 5 ) © Mn-silicate
LIME TIEH 0B L. Ui L Table 1 iRt
LR Si XU Mn GFELE Fig. 20 5FBELTY
#&X Photo. 5 (a) WRT X 57 FeO-MnO FliE{k (10 g
EIF) RS Z2EHD 5. L LI X2TikEhic
60~80 x D AEID Mn-silicate %&b DB H o7 .
Zhid Photo. 5 (b) WRT X 5 ICBRLEED 7-HFEM
FER LT,

DLEORER, LI EBERAEBTONEDT Si I G
Mn EHEPRL DO THED HKIZT &L WA, Mn-
silicate iZ2WCHE, LAz 60~80 p DK DR T
B2 Lz Z &1 Mn-silicate fy Fi3 8t L3 < %
BUELCEMr SR ELTHRET 8B R %25
na. ThiEH LT, BELEho Mn-silicate 13 AER
o lp FIgEOMNRFCHIILERWE LT
LT, BE éﬁ@ﬁ@@?@m%ut&ﬁ%%mﬁﬁ?

: "%m

%?' 43 "‘
Q ‘%L_ju_

t«“gma, *ww e Ay
Ox1de 1nc1uS1ons in mild steel core

QE

v s,.; 280 ‘\’* ""’ "“‘tk*

s &‘ Q
wire for covered electrodes.

Photo 5

BEELEIDREELZLND. LichS>T, HEHD
EFENHEBEME L 582 hbbT, BESBOW
EMEE D < TV B0 NEDD K5 E S5
Mn-silicate 7251 p RBEOH/INIFOF FITiEE—is
LTV D7D ERATEIC S IETEES/II W LEH#E
EXN5.

4. &

KEMIE7E B O BLNEWIE 2RI (Si0;, MnO-
Si0,, K&EX 5~20p), H5ABWHIKOABIESDD
(8i0,, 10~100y), HKOHIE>7/-4 D (Mn, Fe)O
BMESY " X 2T T b»ricEh, Fhllihic
IR ((Mn, Fe) O), # 7 2R IRORK (SiO,, 5~50
p)s BBROABREH 7D D (Si0,, 10~100 1), ik
DAED-HD (LED MnO ZEE LA FeO, v
Wir 25 7O E AL AR, MK (Al-silicate, &
X 50~100 ), IR (FEX5~20p) I X UK (Ca-
silicate, X 20~1004) ¥ X U#HL (Ca-phosphate,
FX 200~300 ) ORI FEEFIICRWE L.

Sp LT ORI FREILAEDEEDH 90% % 5w,
X DR % LD DEk (Mn-silicate) 121 pgiigok
EXTHDHZLRRWEL, XI5 5p LTIt TiO,
(anatase), a-Ti,0;, Ti0, FeO-TiO, BAEEE L
THRETHZERZRWE L.

R, TERYNL IRER b o BALE A IS
FBRREZE L, B ARk (k) EBIIRARE % kK
Wi, BMESICCERESb o785 B AR (k)
EEIAPTERARE -, MABRIGEESMESYET
D ERRERFEBRIIHAICIE YRR EA, FRES
RIS T 5.

I

X 73
L) InjEfusk, dhitse=: @y sk, 28(1959) 8,
p. 531
2) hnFEfnsk: ibid., 28(1959) 11, p. 793
3) mfEfask: ibid., 29(1960) 2, p. 106

4) HHEXE, HA B, 845E—, SEREE 84
&Eeask, 33(1969) 4, p. 493

5) MHRKE, MR B, ®%E—: ibid., 33(1969)
6, p. 669

6) BHAEX, ATEX, RH#HE:
(1969) 2, p. 189

7) M bEETE, MEBRA
p. 636

8) RHEE—: &, 52(1966) 7, p. 1098

9) ASTM card 10—63

10) BEOFKE: BEASEHICOVWTOTRE,
(1952), p. 2 [iFE%2]

11) E4{Eth: gk, 58(1972) 6, p. 787

B & 8, 55
Z: Sk, 7(1958),

— 117 —



