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On the Behavior of the Oxide Inclusions of System MnO-SiO.,-AlLO; in Steels
during Hot-rolling, and their Influence on Tensile Strength of the Steels

Hikoya Iwal, Bunzo TsujmNo, Shigeteru Isa, and Takeo AO

Synopsis:

The oxide inclusions in commercial steels consist mainly of the simple or the complex oxides formed
from the system MnO-SiO;-AlO;.

In the present investigations, the behavior of those oxide inclusions in steels during hot-rolling was
observed by the same procedures #@s=used for our previous workb: that is, the steel specimens con-
taining uniformly a certain amount of those oxide inclusions were prepared by powder metallurgy
technique. These steel specimens were hot-rolled under the following conditions: the rolling temper-
atures were 1250~ 1000°C and 1000~800°C, the rolling ratio was 1/5. Then, changes of inclusions in
shape, composition and crystallographic structure during hot-rolling were examined. The tensile tests
of rolled steel specimens in the rolling direction were carried out to examine the influence of those
inclusions on tensile strength of the steels.

The main results were as follows:

(1) The complex inclusions having nearly the same melting or softening points as the rolling
temperature, were deformed plastically and turned into the stringer type. When both the rolling
temperature and ratio are maintained to constant, the lower the melting point of inclusion and the
better the homogeneity in composition of inclusion are, the larger. the degree.  of deformation_ of
inzlusion becomes.

(2) The complex inclusions formed from the system MnO-SiO;, having low melting points were
softened at 1000°C.

(3) Wkhen the steel specimens coexisting MnO and S5iO, of simple oxide inclusions were rolled
between 1250°C and 1000°C, both inclusions were consolidated, tusned into manganese silicates whose
melting points were lower, and deformed plastically. Those manganese silicates were partly cry-
stallized into tephroite (2MnO-SiOy). )

(4) Those oxide inclusions in steels affected scarecely tensile strength of steels.

(Received, Apr. 14, 1969)
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Table 1. Expected composition and melting point of the synthetic inclusions of system
E\/[nO—SiOﬂg—AlgOa.
M | Kind of hemica Composiion_(#) | Meling poio:
inclusions formula MnO ' Si0, | AlLO, diagram (°C)
M3 S - 30-0 70-0 - {{;g?*
Rh rhodonite MnO-S10; 540 46-0  — 1291
Eu Rh-Te eutectic 620 38-0 _ 1251
Te tephroite 2MnO-SiO; 700 300 —_— 1345
M8 _ _ 800 20-0 — {1300
Sp spessartite 3MnO- AL, Oy 35i0; 431 36°3 20°6 1180
Mu mullite 3A1,0;-28i0; s 282 71-8 1850
Ga galaxite MnO- Al O 410 _— 59-0 1560

* The temperature of initial melting.

Table 2. Chemical and X-ray analysis of the synthetic inclusions of system MnO-SiO,-Al,O;.

chemical analysis(%)
Mark X-ray diffraction
MnO SIO?_ Aleg Total
M3 30-82 72-86 —_— 103-68 rhodonite, a-cristobalite
Rh 5330 45-28 —_— 98-58 rhodonite, tephroite (weak)
Eu 6566 27-56 —_ 93-22 tephroite, rhodonite
Te 70-90 30-10 —_ 101-00 tephroite
M8 73-18 21-53 — 9706 tephroite, manganosite (weak)
Sp 44-46 38-51 20-67 10364 spessartite
Mu _— 24-77 72-78 97-55 mullite
Ga 4785 e 51-20 99-05 galaxite
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a . Rhodonite

b . Tephroite
Photo. 1. Microstructure of the synthetic inclusions.
open nicols. X100 (9/10)

Table 3. Chemical composition of the iron
powder used.

Chemical composition (%)

el Si ‘ Mnl s P

0-019 0-004 | 0-001 0-001 0-004

“R\ic. T 6t/cm? DFE T coining F{T7x
v, RU H: FEKH T 1250°C, 20 mim fmnELL , A
RERFPNCGSIHLTHBZES L. chboams
SO EF M KT LA OLET 74~75 &
THEINL /2. Table 4 EBDFE O BEREERRSIC 1T
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Spessartite Mullite
Photo. 2. Microstructure of the repeatedly pressed
and sintered steel specimens containing
% 100 (no etching)

different inclusions.

Table 4. Dimensions and density of sintered specimens at each sintering stage.

Afte 1st sintering After 2nd sintering | After 3rd sintering
. : Density - - Density | . . Density
Dimensions (cm) l (g/cm?) Dimensions (cm) (g/ cm?) Dimensions (cm) (2/cm?)
3-98x2-06x1-58 6-12 4-00x2-10x1-30 7:18 4-00x2-13%x1-23 7-45
4-00x2-09%x1-60 6-03 4:00x2'10x1-30 7-19 4-00%x2-13x1-20 7-50
3-99x2-07x1-60 6-00 4:00x2+11x1-30 7:21 4-01x2-14x1-22 7-51
4-00x2-09x1-60 592 4:00%x2:09x1-30 7-23 4-01x2-11x1-24 7-46
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Table 5. Ratio of mixing of the different inclusions
intreduced into steel specimens.

Ratio ofjContent

Markﬁ Kind of inclusions (S[i;‘;: m(i;c/ing (mg/g-

o) Fe)
M3 | manganese slioue 103574 0| g0
Rh rhodonite | 122;74i gg 3-0
Eu ‘i;gfgﬁgte}eutecﬁc 105Av74i 100 3:0
Te tephroite ]22;74i 28 3-0
Sp spessartite 1 22;74i gg 3-0
Mu- | mullite : 122;;74i gg 3:0
Ga galaxite 122;743 gg 3-0
wsi | 420 IR
ms2 | Mo w2 | 8| &3

$EOTHV . T. Mawkiewicz ¢ S. Rubpnik OHEdE
FTLRICH LT, £D% P. J. H Maunper & J. A.
CHARLESWYDS AR EIE L 7o Bl O 5-& IS BE T 57
WEIE L ZHORKIC LB DTRD, Thrhll
BRET L7
¢i 1 Inz 1log2 1 logb/a
s 2 Ink 2 log A 2 logFy/F,
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Fig. 1. Dimensions of test piece used for
tensile test.

a. 600°Cx30min

Photo. 3. Recrystallization structure of annealed
steel specimens B. X100 (9/10)
(longitudinal section)
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FIEER > HEET S &, FiE VL rhodonite & a-cristo-
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Table 6. Data concerning hot-rolling of the steel specimens containing the inclusions of

system MnO-S5i0;-Al;Oy.

Dimensions of the steel specimens
Mark Before rolling After rolling (=log;'so/F1) Ra;.gﬁigg
Thick. Width | Sect. area| Thick. Width Sect. area
(mm) ( mm) ( mm?2) ( mm) ( mm) ( mm?2)
B2H 12-5 21°4 267 3-2 23-0 736 0-560 3-91
B4 H 12-2 217 264 3-1 23°5 72-8 0-543 3-94
B5H 12-6 21:2 267 3-2 230 73:6 0-543 3-94
M3H 12-2 21-2 259 1-8 234 42-1 0-788 6-78
RhH 12-2 21-4 261 2-1 23-9 50-2 0-716 5-81
EuH 12-4 21-1 262 2-0 236 472 0-744 6-20
TeH 12-3 21-3 262 1-9 23-3 443 0-772 6-47
SpH 12-3 21-3 262 2-4 24-8 59-8 0-644 513
MuH 12-3 21-2 261 2-4 23-9 574 0-658 512
GaH 12°3 21-4 263 2-1 23-6 496 0725 5-86
MSIH 12-3 2i-2 261 2:3 24+2 55-7 0-671 535
MS2H 12-5 21°2 265 | 25 23-9 ©60-0 0-647 5'G0
BLL 12-3 21-3 262 2-1 24-1 50-6 0-714 5-86
B3L 12-1 216 262 3-1 23:5 72-8 0-539 3-90
M3L 12-2 21-2 259 2-5 23-9 59'8 0636 4-83
RhL 122 21°4 261 2-1 24-8 521 0-700 5-81
EuL 12-3 21-1 260 24 24-3 58-3 0-648 5-13
TeL 12-4 21-1 262 20 23-9 47-8 0738 620
SpL 12-0 21-4 257 29 24-1 69-9 0-565 4-14
MuL 12-4 21-2 262 26 23°5 61-1 0-632 4-77
Gal 12°6 21-4 270 26 25°1 653 0-616 4-85

H : The specimens were hot-rolled at temperaturs range 1250~1000°C.
L : The specimens were hot-rolled at temgerature range 1000~800°C.

B : Blank specimens; that is free from inclusicns.
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Photo. 4. Inclusions of system MnO-SiO;-Al;O; in the hot-rolled
specimens. (longitudinal section, no etching)
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Table 7. Deformation parameter » of the different inclusions (MnO-810;-Al;03) in
hot-rolled specimens.
Particl 1250~100°C 1000~800°C
Inclusions | . 2rticle i Remarks
size () :
&s i h v es ‘ &i Y
105~74 0°'788 0-727 0-693 0-636 Fragile — Heterogeneous
M3 44> 0788 0-548 0°522 0-636 fracgmre — Heterogeneous
44> 0788 0-683 0-652 0-636 — Homogeneous
Rh 105~74 0-716 0-853 0-894 0-700 } Fragile —
44> 0716 0-652 0-683 0-700 fracture —
PO 3 . ) Fragile _
Eu 105~74 0-744 0-908 0-926 0-648 fracture
Te 105~74 0-772 0-844 0-821 0-738 } Fragile —
44> 0-772 0-618 0-602 0-738 fracture —
S 105~74 0-644 1-031 1-200 0-565 0-899 1-193

P 44> 0644 0-798 0-930 0-565 0-748 0-993

MS Large 0:671 0-553 0-618 — — — Heterogeneous

Small 0671 0-756 0-846 — — — Homogeneous
Table 8. X-ray analysis of the residues extracted
from hot-rolled specimens containing the

s inclusions of system MnO-SiO;-Al;O;.

Electrolyzed | Total R
Mark (2mount of | weight of X_r?y diffraction

steel speci- residue results.
Rhodonite ~. « men (g) (mg)
(MnO-Si0) e |
. ) olivine,
Do Sressartite Mullite M3H 83155 80 a-cristobalite**
S aMa0-A105- » (341,05 25i0: . ; olivine,
t3m gngsmz) Galaxite 3Al;053- 25i0:) M3L 11-2365 26-0 _a_—cristobalite**
RhH| 9-8630 | 180 [olvine, .
Golaxite manganowustite

) NV S/MnO'\Alzoa) RhL 20°5 rhodonite,

MnO —x 2205 , manganowustite*
N _ EuH | 87955 | 285 [|tephroite,
Fig. 3. Isotherms in part of system MnO-SiOp- ' . rﬂod.(:mte

. . ephroite
AlOs. EuL 9:2040 33-0 manga;lowustite*,
rhodonite**
TeH 86940 355 tephroite, .
] | | manganowustite

D2 ]SP o——0 105 ~Tau__ TeL 8-3915 29-0  |tephroite, .

& \ Xemx < A4 pL l.m‘anginowustxte

E ror \& SpH 9-6350 29-0 [OMVINCT ok

g Spx Rh - . spessartite®*

8 "\%\oTe SpL 10-0770 23-0  |hercynite*, olivine**

5 o8 \9@ M3 MuH 9-7445 41-5 hercynite, mullite*
2 NS —) Mul. 10-4840 530 hercynite, fayalite*

g 06 — GaH 9-3205 28'0  |galaxite
£ M3 GaL 9-9878 29'0 |galaxite

o 04 MS1 101035 600 tephroite, a-quarts*

R MS2 10° 3455 780 tEPhJ‘Ol.tE, g—lclua:’:s,
1200 1400 1600 1800 a-cristobalite
Temperature  (°C) * Weak *# Very weak
Fig. 4. Relation between deformation parameter 5 MnO & SiO, OELSPBEREE LD TH DI E—

v and melting point, of the different
inclusions (MnO-Si0:-Al:O3).

ETHL, Si0: HBECWHEEIFREEK, MnO 45
ZVIGAIITEEDO K EVWEHLDDILARD EFE LN
55, Iak, BRONEBOBMRIMEABOFBER LT
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s MnO-SiOy ALO; RAEMOMMELEBRIC K 6EWHLMOIRIVBERSIKBETHY 895

EHLEEERIXS.
33 NHEPOEHEICEHT IR
HEHANTEDOBMEREPOEZ I 2WTE, EELD
MPEE L RIEEBENEDOT ML CE T HHmE™®
CEWTHRABEL L2T, EEREORE»ONED
FEMMHE L, XHBEHTIC X > TR T2k, 20
R % Table 8 WiRT.
© Photo. 4 iR L23E B (blank 308D OMEBHTES
Ni-PHOBERE, AERCHAVW MRS REEE
CEIDTHERLEDDTH B, BELHELVWDT
BTN ECERREEL, LORHREERTORE
O NEE LI X D ER SN EILEkTH A LFE XD
N5, COREEKREIFHROBEMIMEETIIIEL A LHHE

LCCEROIH, BT o ERREROBERIP LA T

AEEN FeO (wustite) THDHEFEALD. LIhBDT
1BA L7z MnO-Si0-ALOs ZATEMVE, ZAREZEHIT
Z® FeO LiEM, BALEOMEEREZZTTEHILE
Bl Bbhay, &NEMomtlEzxhThoin
HHPERLTEERTSL L, INLOELAOEERLT
PTHDBEVZD. '

 MnO-SiO;: 3%} M3 3 X8 Rh T MnO r FeO
HEIICEB LT, (Mn, Fe) O-S5i0; (pyroxenoid) iz
bz i<, 2(Mn, Fe)O-SiO;(olivine) TZb D
{EAHERD Sivie. B EIERE Tid—fi% Torthosili-
cate DTS5 H> metasilicate XYV EETHHPHLIDX
SZEbLDbDEELZLNS.

2MnO-SiO,: ik} Te X O° Eu B HEHEETS
L9, T bTHIC MnO k FeO @i Bobh
iz

3MnO- Al;03-35i0;: ¥} Sp ONEMD X HEHT
B BAbnic€— 2T dIEFEHVH, o X
BEHER?» L FeO BETRALICZEEHL,ATSH
%. LA L Photo. 4 iRL7z & 5 KB ELERRIN T
AR L TV AHEREPD, TOMEMBEL {Lbok
LREZLNLV. T TEEFOMERE Sp » SNE
WaEMRBEL TXBRIRER 2L A, E07LK
— I REbNT LA IERETH D EPHERENI.
¥, TOREMELESTLILE A, Mn §HED
A, bt Fe BH%EEINTVWH I EHb
pofc. LSO THREORGES (BEERES 1250°
C TH5BH»H Sp NMEMITLECERELL D) 1T, Sp
NEEWHRO Mn [ZF gk Fe BT o | oiEE
BLT, ZDDEFGETEbLOL O LEEL.
FXERRSER, S, TONEIBMEEHR T 1R
#5 olivine & AlLO; w4 fEL, AlLO; it FeO ti#Ea

LT FeO AlLO; %4t 5 dDEFE 26N 5. B
SPLHICE ENTWIF L A ERB L TV IRWAEDIX
z o FeO-ALO; TH5.
3A1;0;-25i0,: ¥t Mu ONEMITF L <ZELL
25, X MEARHR» S #HET5 L, FREESRCE
WT ALO; & SiOp IWaHfEL, ThXi FeO L&
L T FeO-Al;Oy & 2Fe0-SiO; L LDl & LT 5.
kit Sp M EEi & FERIC, FEIEFTOEEE» ST
P L THET U708, ZOBERMRE oG F X
FEAETLLeh 2. —iiC mullite BEELES
BLMTHBEEZLNTVWEDT, AEBCHVIK
BSERLTELLDTHEPLARLETH 2D,
H5VREHEEPE RO XD BT 0N
DOPEPBLPITT H I LT TELRILDR.

MnO-ALO;: ikl Ga ORNEMIE O/ ERE L
V.

MnO & SiOq:gtft MS o BIEZE Lic EEW
X 2MnO-SiQ; TH5HZ EMHELPIT/L27z. BijakdD
X5 MnO & SiO, DEALIE 1:1 THENL, &
A 5 manganese silicate DL, REERD L5
MnrO-SiQ; (rhodonite) (T W D & FRBEE I fo A3,
orthosilicate T& % 2MnO-SiOsD 1T 9 B EE THK &
T Ve din, MnO-SiQ, OAFRITED LD
7o. L7=doTxRES® MnO HEAAC 7LD,
TRV B R TER T, ML
Table 9. Data concerning cold-rolling of the steel

specimens containing the inclusions of
system MnO-S8i0p-Al,O5.

Dimensions of the steel specimens
( mm) “
Mark Before rolling After rolling K %’J
=
Thick. | Width | Length | Thick. | Width | Length | &4 &
B2H | 3-20 | 23°0 | 107 | 1-20| 23-8 7 257 |2-67
B4H | 2-90 | 235 | 113|120 | 24-2 | 260 |2-42
B5H | 2-90 | 234 | 115| 1-20 | 23-8 | 265 | 2-42
M3H| 1-80 | 234 | 125|094 | 23°4 | 238 |1-92
RhH| 2-23-] 23-9; 130 | 1-17 | 23:7 [ 234 {1-91
EuH | 200 | 23-6{ 131 | 1-00 | 23:4 | 215]2-00
TeH | 1-93 | 233 122 1-00 | 23-2 | 230 |1-93
SpH | 2-30 | 24-8 | 128 | 1-18 | 249 | 245 [{1-95
MuH| 2°33 | 23-9 | 127 | 1-17 | 238 | 243 | 1-99
GaH| 2:63 | 25°1 92 | 1-32 1 25-4| 174 (1-99
MSIH] 2-30 | 24:2 | 128 | 1-19 | 24-3 | 236 |1-93
MS2H| 2-43 | 23-9 | 128 | 1-28 | 24°3 | 236 (1'90
BIL [ 3-30|23-3| 111} 1-45| 240 225|2-27
B3L {300 23-5: 137 1-25} 254 | 284 |2-40
TeL | 193 | 23-9| 127 { 0-95| 23-8 | 253 |2-03
SpL [ 3-00 | 24-0{ 128 | 1-20 | 24-9| 285 |2-50.
MuL| 2-66 | 23'5 | 111 1-3523-9| 206 |1-97
GaL | 2201 23°6| 124 | 1-16 | 23°3| 125 1-90

— 31 —
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A MnO-Si0;-AlLO; RN EDORBEEGRBICET 2 EHEFOBE VMBI L L TRITTELSE 897

GaH

mmE T4 5 I & ICENSE T o7,
 INEMEESIIE T 1260°C ThHofe i b T
DENCHEER DR EA 215 D AT T
EEZLNS.

Photo. 7 {2y BESHAIE & 17170 D745 |
RO HBRAOBBEEMEBETR L. Th
LOFHEEZRD EVTNORE S NED

Gal,

MS1H

specimens. X100 (2/3)
(longitudinal section, no etching)

et T T

T TN e TR T
a. M3L b. EuL

Photo. 6. Microstructure of the hot-rolled steel

% 100 (9/10)

specimens.

5 X, ERER L TRRIEIK > T wWic Z LI L
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Photo. 7. Microstructure
tensile test. X100 (2/3)

Fig. 525tk MSIH & MS2H 3|3k h 3B b
BIEN-BRE AT L. 3 MSIH, MS2H o/
MEFERE, Thih 006%, 1'2% Tho/kh, i
MEFEOE Y MS2H I35 Aot vib. L
PLINLORE SO L DL, TDOER EHT ~T
03% THotmE, RMEMEERELMO3EV RS/
EroBFE, AEBERPLHELPITHILETE
VEG L0 :

4. & -

PR Bkt &, MRAESHEEEHAL TERL /- #E
PR A L ATYE K MnO-Si0,-Al05 /L)

EORE, TOLEMEROEDRTFITK
HY5. _

i) MEDMORL SR X OERIL S

i) MEWRFORSS

i) AEmOBEL

FEOEWEDEY, AEPRTFOKX
XWhoEE, ¥ ERDIOIESEMR
ERLL2T L, BEAICHT S REFE &
HAEV.

(2) 1250~1000°C OFAMELREC 35\ T, HEFED
MnO-Si0; ZNEME L 8 MnO-Si0,-Al:0; FRAMATE
PV T AL S IR ZE L 7o 28,  1000~800°C o E4EIT 5
WK, COREHRCEBSIKILRECS S LELLN
% . spessartite FfR\V\T, FTRTWHEREE L fzs L2
ST ZNbD MnO-Si0, ZAFEMOEKIL AvE, 1000°

CHECHEETS LD LEEDLINLS.

(3) MnO & SiO, mH—E{tie L TRET 2%
&, 1250~1000°C ZEEEIERITHEESHEEL T, K
B> manganese silicate CZ{L LR L. 7&
¥, EEEVE O silicate & LT tephroite Z/ERkT 5.

(4) FIEH2BECHSEEEShMARPICEE

Table 10. Mechanical properties of the steel specimens containing the inclusions

of system MnO-S5i0.-Al;0;.

Dimensions of test piece Yield . Tensile Elongation Reduction

Mark - - teld point strength g of sect. area

1 Thick. ' Width Sect. area (kg/ mm?) (kg/ mm?) (%) (%)

(mm) | ( mm) ( mm?) o

B5H ! 1-18 14-85 17-5 19-1 287 43-3 47-4
B3L ¢ 1-24 14-95 18-5 18-2 27°1 47-3 557
B2H | 1417 15-00 17°6 22-2 30-4 40-3 455
B4H | i+17 14-95 17-5 31-4 36-6 285 38-3
M3H | 093 15-05 14°0 236 28-0 47-0 443
RhH | 1-14 15-00 17-1 21°6 276 455 49-1
EuH 0-99 14-95 14-8 218 278 464 514
TeH 0-99 15-05 14-9 21-3 28-2 44-9 477
TeL 0-94 15-00 14-1 22:0 258 42-4 46°1
SpH 1-17 ] 1505 17-0 22-4 30-2 42-4 49-5
SpL 1-19 14-95 17-8 17-4 271 43-6 42-1
MuH 1-16 15-00 17-4 20-2 27-1 47-9 51-7
Mul 1-34 15-10 20-2 165 256 51-8 60-4
GaH 1-15 14-95 17-2 157 26-8 506 506
GaL 1-30 14-90 204 18-4 27°0 51'5 58-2
MSIH 116 14-95 17-3 25-2 29-1 455 49-7
MS2ZH 126 | 1500 18-9 27-0 30'5 46-7 48-7
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F1g 5. Stress (W)-strain (d) diagram of MS]H
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