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Effect of Deoxidation on Nonmetallic Inclusions in Steel and the Machinability

Kou TASAKA, Tadahisa AKASAWA,

Sakae KATAYAMA, and Kazuya Kuroiwa

Synopsis:

The machinability of a specially deoxidized free-cutting steel both in turning and drilling has been
studied in comparison with that of ordinary steels and leaded steels, for the purpose of clarifying the
relations between the machinability of steels and their nonmetallic inclusions.

The tool life, for turning the specially deoxidized free-cutting steel with carbide or ceramic tools is
definitely longer than that of an oridinary or leaded free-cutting steel, apparently because of the effect of
the oxide layer formed on the tool face. The composition of this oxide layer is similar to that of
the oxide inclusion in the steel, being comprised of SiO;, CaO and Al;Os. As this layer apparently
impedes the physical and chemical reactions that may otherwise take place between the tool and
the steel chip, and, furthermore, apparently acting as a kind of lubricant, the tool life is exceedingly
improved.

With a high-speed steel tool, however, such difference in tool life has hardly been noticeable in
respect of the said three types of steels, and, furthermore no oxide layer has been noted to form on
the tool face even when turning the specially deoxidized free-cutting steel.

The drill life was found to be remarkably improved and the work resistance was greatly lowered
with increase in the sulfur content of the steel. This favorable effect of sulfur content has been more
salient in the specially deoxidized free-cutting steel having an high oxygen content than in the case

of ordinary steels.
(Received Feb. 27, 1971)
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Table 1. Chemical composition and hardness of experimental steels.

Chemical composition (%) Hardness (Hs)
;1;356 of Specimen |Deoxidizer So i
C Si | Mn P S Xl- Ca Pb| O | Q.T.* | Nx**
Speciall Al 0-46 | 0-28 | 0:77 | 0-016/ 0-020 0-004/ 0:005 | — | 0-009] — —
dpeci?nzyd A2 0-44 | 0-29 | 0-85 | 0-019| 0-021{ 0-006] 0-004 | — | 0-010], — —
60’1‘ € A3 CaSi 045 0-22 | 0-85 | 0-016| 0-013] 0-005 0°009 | — | 0-008] 242 198
stee A4 0:44 | 0-29 | 0-77 | 0-014{ 0:026] 0-006] 0'006 | — | 0-012| 248 193
A5 0:45|0-29 | 079 | 0-017| 0-046| 0-004 0-005 | — | 0-008| 248 194
;ngfd B 1 FeSi+Al | 0-46 | 0-26 | 0-73 | 0-014 0-022| 0-025/<0-001 |0-17| 0-003] — —
C1 0'46 | 028 | 0-80 | 0-018] 0-016| 0-022/<0°001 | — | 0°002] — -
Ordinary C2 FeSi4Al | 0747 [ 023083 | 0-014) 0-017| 0-024/<0°001 | — | 0-003| 249 199
steel C3 €1 0-46 | 0°26 | 0°84 | 0-015| 0-033| 0-023|<0-001 | — | 0-003] 246 195
C4 0-47 | 0-26 | 0-82 | 0-017| 0-051| 0-022/<0-001 | — | 0-003, 247 196
* Quenched and tempered, ** Normalized V
ZeEmrE AR EIRE 1850°C), Ca BEFBAET 5. 3 B %
5L, X DfthDnHEIE JIS Bic BB L THHT L 72 : ‘
Table 1 O3t Al ~ A5 3 CaSi 44 (JIS G 3.1 IEERERSE

2314 145) ZHAVTIHEL -HEFEREMm b,

SRl B L3 i o 720 D SARKIEA T, M CTH 5. 3
ClC4yx e o S B R R S45C T b, FeSif
& (JIS G2302 2%) L&MB Al THBRLTH%.
7L, 3B C3, G4 13K C2 L[F—e— MT, &8
Rric FeS ZinL, S EFEERADLLOTHY, &
Bl G4 Tix SHOEiEERRERMD JIS HiE (JISG
4051) R LTV AkiRFBEEMO Cu, Ni

Cr, Sn X% As 1348HL, Cu: <0°07%, Ni:
<0°042%,, Cr: <0'04%, Sn: <0'01%, 5 X W As: <
0°02% THn, PN L BMEBITIT LA E V. AR
sism B1 1% Cu, Ni, Cr s3#hFh 0-13%, 0-15%,
0°13% THH, EFBEUMIVE K> Tw5. Tk
Table 15 5BES»7ck 51T, REEFEREIEOM BT
WEREITEEASHRER VD, OFHENEL, sol. Al
2MEL,, CaSi 44 CHRELADT Ca BEFH VAR
BiroTw5.

FEMIERER AV, SR 96 mm £ BAEESE 6
mm, £ X 600 mm TEHIHIL L, 870°C X 60 min 22
BoEL S LR 20T FRIL R OVEERR VY
96 mm IR H 96Xx75x400 mm® DERERF FE & I
L, FIEQRLEL, £H 2°5mm GIE| U TERL.
FOBNEBIIEEAREED E L (870°C X 90 min-Z2%45, 850
°C x 90 min-j#y, 550°C X 90 min—yk¥) I X OF B
5L (870°C x90 min-Ze%) TH 5.
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Fig. 1. Specific data for defining¥the tool wear when

cutting specially deoxidized steel.
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Cutting speed : 300m/ min.
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Appearances of rake faces of carbide tool P20 cutting specially deoxidized

and leaded steels at 150 m/ min for 40 min.
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Fig. 6. Variation of cutting forces with speed.
Cutting tool : High speed steel SKH4A
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Cutting tool: High speed steel SKH9, 10 mm ¢

Feed : 0°33 mm/rev
Cutting fluid : Spindle oil.
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Fig. 9. Variation of drilling forces vs. cutting speed
when cutting specially deoxidized steels and
ordinary steels having various sulfur contents.
Heat treatment of work material : Quenched
and tempered
Cutting tool: High speed steel SKH9, 10 mm ¢
Feed : 0°33 mm/rev
Cutting fluid : Spindle oil
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Table 2. The shape of sulfide inclusions in billets
of specially deoxidized and ordinary steels.

Type of |S contents|-SA8I ©f | Width of L/w
el D L | W (u
Specially | 0013 | 368 © 42 83
deoxidized! 0°026 ' 53-8 57 9-2
steel 0046 | 554 64 84
i

0017 32'9 3-1 10-8
Ordinary | 0.033 482 43 116
stee | 0051 492 47 | 1072
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FIAYF—TXDESWL, Birks ODRIEXINZ Tshed
7 fIE S DMk E R
CIFEWVEE & LT ALO,, Si0,;, CaO ¥ &E{LY
THY, ICHEFD MO RBED SN, EinZ DRHE
WHDIEDIT Fe s XX MnSBRELTWBIEENRD
5. KB LDIRIFCHEM LKt F+— 2o CaSi i
BRI A B s X 02 T T v 4 TR L, 50~300
m/ min TYHI LAz & EERT 570, Fig. 10
Rl Sie7/ —44 k (anorthite), 4 —LFA k
(gehlenite), /WL a3 4 4 (corundum) OFLT
Y, Table 3 TR LMNEWHE » = OEBERNCS
5.

FeSi JERSATH, Al WinRads< L, sol. Al:
0010 LLF, O:0°005~0'012 BEwc¥+ 5L, LI
TEfIZEM AR L, THRFMmE CaSi LR & FEE
T <hTv 5089, ZofI7E ik, Fig. 1licRL
=& 5 ic¥y 45% Si04-35% Al,03-309 MnO TH 1,

Table 3. Compositions of oxide layer when cutting
specially deoxidized steel A2 at 300m/ min.

Composition
Tool
ALO, SiO, CaO
Ceramics | 388 217 254
Carbides | 32+4 993 320

Acc. voltage : 20kV
Sample current : 0-01 A
X-ray spot : 2#
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Photo. 5. Variation of oxide layers on rake faces with time when cutting specially deoxidized
steel A2 with ceramics and carbides P20 at 300 m/ min.
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>
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Fig. 10. Range of compositions of - oxide layers form-
ed on tool faces cutting CaSi
deoxidized steels.
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CaO 13T & A EERD L.
OX 5z, FeSi [iEiH e CaSi ikl ©HI76 i
B E L BB brrbbT, TOWHEIENS 58
HIG&HOBmEATRASTHDIOL A0 L, BELMIE
PAAERR LS 2 ThiE, FoMRi X 5T RO TER
BRI AL TWS EZLLNS.
F 7., EEFAERYIME B EER TR TRl X UK
BV LBHEITE, MEWERED bhish D7
4-3-2  [HEETREE NI RO P R
TEOBEEEEI AT S LROZE2iL s EHSIN S,
(1) {b2paEEE- (LSRG, Rk T 5TED
Y, Bk

(2) ESREBR - Foy b0 7ITL—9 =
v EERE

(3) BEERBREMORECX 2ER

R e S iV $ & BY L7z TR kE, Photo. 6 1Z7R L

Raonge of compositions
of oxide layers

2MnQ - 241,03~ 55i0:

N AV AV AV AV4

MnO 10 20 30 40 50 60 70 80 S0 Al0Oa

Example of FeSi deoxidized steel'® |

C } Si Mn P S sal. Al Ca o] N

0-46

032 ’ 0°90 ‘ 0-020{ 0-018 [ 0-005 <O‘00‘l" .0-0050 | 0-0049

Fig. 1l. Range of compesitions of oxide layers

formed on tool faces when cutting FeSi
deoxidized steels.
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B BRHICERD bh, AEhEmO—RIVIED S
VIR BEIM L3R LT, BRI D X D ILKE K
Wikl eH X HILe. COX DD, TLEEFIEE U HHR
ZE LB EEs MEWATARNEmE W CEE 2T
b, THAIUEEZFEEM & OEME < E 720 T
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= O EEFE OB A RLRE R T X D TRERD OER
THHIH, X LIAEHO TRYIBAMC BT SR
VER 4% 2 bh%. Table 412 Fig. 5 oUHHBUAIZE
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Photo. 6. Section of oxide layer when cutting specially deoxidized steel A5 with carbides
P20 at 150 m/ min.
Table 4. Normal stress, frictional stress and apparent coefficient of friction on the rake face
when cutting three types of steels with carbide tool P20 O, 6, 6, 6, 8, 0, 0-5).
. Cutting Py 5 Py ) a « ot T¢
Specimen speed @/ i kg | ke |  mm deg | kg/ mm?| kg/mm? K
. - 50 119 64 | 11 6 507 346 -68
Specially deoxidized 100 110 50 140 6 52-1 306 0.5
steel Ad 200 103 410 6 49-1 | 258 053
50 115 58 -G 6 54-2 34-9 0-64
Leaded steel Bl 100 105 48 10 6 49-7 29-4 0-59
200 100 40 0-9 6 52-9 27-9 0-53
50 139 90 1-4 6 46-0 372 0-81
Ordinary steel C2 100 120 61 11 6 51-4 333 0-65
200 112 54 1-1 6 48-1 29-7 0-62
ST
/ AT - _ Chip
Sulfide inclusion
(P
Location

e e BN

R

ar A me

Silicate inclusion

. of sompling
i Work J

L7

Photo. 7. Sulfide and silicate inclusions in chip when cutting specially deoxidized steel
A5 with carbides P20 at 150 m/ min.

FERD GRD Iz, T VEFEEE N o F< WEEERG Py YIHIEEHTES 7
71 ot BRUT S VEEERE s O EHFRETT. T Py : OIHBEEHGE 0 5 0

ZC 7, o BICpBERRC L VErE L.

1 .
=" (Pgsina+Pycosa)
1 : )
oi=—— (Pycosa —Py sina)
ab

Pysina +Pycosa

" Pycosa —Pysina

a T vF (6°)

a @ TR-YUEEAKX

b : YhAAHEE (2 mm)

T VEEERGRIZEEERZ RTIEETH D, B
BRED/PE VT EEEHREMS K E . Table 4 »5HHL
D7 X S W IR REFAE RSB E ST e L, FRIBGE
pBFELIASL, BREB IVET AEVWEBETD
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{eox  E. M. TRenT?D 5084 & Rk
Photo. 3 127k L 73R8 X D BRI HIE < 28

LTV ES, BIEMTVTRbHEDE
L BeE, SRkeaNiERT . ERTE
 PRNISE R OB AL X D BIE L 2o E LA

Mn-silicate + silica
Hv : 103 (at 1000°C)
516 (at 20°C)

A B
CaSi deoxidized steel

Mn-silicate +silica
Hv : 757 (at 1000°C)
503 (at 20°C)
C D
FeSi deoxidized steel

Photo. 8. Hardness of typical oxide inclusions found in 300 kg

ingots of specially deoxidized steel.

Mn-silicate '
Hv : 24'7 (at 1000°C)
463 (at 20°C)

Mn-silicate +silica
Hv : 103 (at 1000°C)
520 (at 20°C)

A : silicate

C : silicate

Photo. 9. Example of oxide inclusions in billets of specially

deoxidized steel.

v, REEMIC X S MEEERARRO LN D.
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BELTHELLDOTHS. B UERERE, 1 5min

B : silicate+sulfide
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mm?) T b, Zhid+Tic Table 4
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OEEVIIEEW T 2w EEZ L R
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Wi 54, UIEIEEE 1 000°C DL 1T s
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Photo. 9 3 fiid i FHEE R H I SH O BT AT L 72 95 mm £
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Table 5. Compositions of silicate inclusions in specially deoxidized steels having different

sulfur contents analyzed with EPMA.

Specimen S contents ‘ No Al O, Si0, MnO i CaO FeO
1 26°1 38-0 14-2 19-7 3-2
A3 0-013 2 27-5 32:5 13-9 26-7 12-6
3 31-0 355 3-8 301 22
‘1 4 34-6 40-4 0-3 206 2'9
Ab5 ! 0046 5 36-8 32:9 0-4 31-5 67
| 6 36-0 42-8 13 20-1 2'6
— 100™/min | 150 M/mip._| 200 M/min__| 350 M/min
X 1 00 min 30 min 9 min 067 min
—_ ° o
5<" 100 L] //U 3//0 — o+
= /5 piliCar
3 50 2 o
2 o
- 5
o 20 /
=" O O : CoSi deoxidized steel
& 1049 / s .
st a R
10 30 5010 30 5010 30 5S0I0 30 S0

10 20 30 40 50 60 70 80 90 AlLOs
% The number of oxide inclusions in table S

Ca0

Fig. 12. Composition of oxide inclusions of specially
deoxidized steels in CaO-Al,O3-Si0O, dia-
gram.
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Fig. 13. Influence of Al;Oj;-in. steel on crater wear
of carbide tool P20!8,
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