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On the Effect of Nonmetallic Inclusions on Ductility and
‘Toughness of Structural Steels

Isao K0ozasu, Teruhiko SHmMIzU, and Hiroyuki KuBOTA

Synopsis:

Ductility and ductile fracture in relation to nonmetallic inclusions has been studied on laboratory melted
commercially impure copper bearing steels in various aging conditions and also on low carbon steels with
minor alloying additions. The results of light microscopy and scanning electronmicroscopy suggest
that the first step of the fracture is cracking and decohesion of elongated inclusions in early stages of
deformation. The damaged inclusions form internal necks (as opposed to external neck), and they,
in turn, accelerate the final separation process which is formation and coalescence of microvoids asso-
ciated with submicroscopic spherical oxide inclusions. This two stage mechanism explains general
experience of harmful effect of clongated sulfide inclusions and observed duplex dimple pattern of the
fractured surface. Change of inclusion shape from elongated to spherical improves ductility probably
because of more difficulty for spherical inclusions to form internal necks. The damage of inclusions
during deformation and also the final fracture seem to be controlled by dissipated plastic energy to
some extent. Although the effect of non-metallic inclusions on toughness is complex, inclusions are
generally noted to promote brittleness, but to less extent for the case of elongated inclusions where
triaxial stress ahead of crack is relaxed by fissuring along their elongated direction.

(Received Feb. 27, 1971)
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Fig. 1. Schematic representation of the result of
Charpy impact test. ‘
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VHBEETHLZENRMENRTVED. Z0X 5k
BHEGRAI N MO E b SormkiRigiig, SHRIEED

microvoid DFENESHRDAZTRBETELWLEEL S .

N5, FHE Crausing® [ZEEIOBEHTIRITH VT, A
FRANEWCRET 5
macrocrack) H3F & U CHZEX h, microvoid O3g4: &
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AT 75 R LBtk LN OBRIC oW T E T OHFE
BT WD, 7 BEMEREEIINEEE & S, 184
PHEHIR WS EZ & O THREMIZ ETT 2BRTH
D, TOBBETHR, B2H, NMEW < bY v 2 XD
R EORT RN TN O TYUREL D DT,
FHROFERIIDHE VIREDOTE L WEEEFN 2 5 20 %
DEDHDHTIELLDEEZEZBRETHSS.

2. SRMOEMEEREE)

# 0°7% DD Cu % &Erilidmshii LB & 0% T
TZERFIAL, —ED7 =54 brs—5 4 FMAGIEF
D ERE D TNSOMEB DT LA ER I R 5 1 i
Wi S iUkl CEREBEE TR, EHOZE(L 2T
7. ftEgAlE Table 1 @ 1D (g S), 2D(HBS) T,
B 250 kg EZHEE W TR VW ALSE L. 38
$iE 20 mm e —HENCEABITLE L, 900°C CHEHE L
7D LRSI Z T D, HUNEBEETOE vy 1~
S, BB «-Cu MHERITIADED TH 5.

Table 1. Chemical compositions of the steels tested (wt%).

Steel ol Si Mn l P I s Others Sol. Al T.N

1D 011 : 021 | 058 f 0011 ' 0014 | Cul-39, Ni05 | 0034 | 0-0065
2D 010 | 020 | 056 | 0012 | 0027 |Cul44 NiO5 | 0042 0-0065
AA 010 | 033 123 - 002 | 0023 | — . 0006 0-0086
Nb 0-10 0-36 1-34 0018 | 0019 | Nb 003 L 0-004 0-0063
vV 0-10 0-31 1-26 0018 | 0018 V 0405 0-009 0-0061
Ti 0-10 0-32 127 | 0015 | 0018 | Ti 004 0-001 0-0058
Zr 010 | 035 132 | 0016 | 0021 | Zr 0-037 0-003 0-0066
B 010 | 029 | 120 | 0018 | 009 | B 0004 | 0-006 0-0045
La 011 032 | 128 . 0019 | 0019 | La 0085 0-008 | 0-0105
Al | 009 035 | 1-3] | o014 | 0020 | 0063 | 0-0077
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Fig.”2. Length of elongated sulfide inclusions.
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Fig. 3. Result of uniaxial tensile test at room
temperature.
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)$—=5 4 AT X 24 FOBREOEHR(LAR 2T
W5 ‘

7 BEIE, BUQIEIRASIC X S9N EIRMEEEITE &
AE—SET, 7274 M2y, =T 4 FHER
6% Thol. FEBANEMIFT LA LD MnS T, &
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1D 0°04, 2D 0-10 T/EHE Ko £k Fig. 2 R
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Fig. 3 BERIC R BABEMBI O xXGL32) O
JEEEHE (L), BEAHRE (C) ofEEL~V (ory)
KB HEERERBEREELELDTRLALDDTH Y, W
BRETE (ep) 13D (RA) D HEIELKET, or VK
BN CdhD. RA, er, or FIEBELV, S%, iR
BRI C B 5 O LT (E L) VBN
(25T < Tovs. R < 27 0 AN VE 3 S CEEE R T
HLYS, BEEEEOCLDOTE, 777 M7 7HCIEb
T BRERESRELTVWS. BRREE (¢) BV
Bridgeman 0 # v 7 OFEWEBLAEGSH (6') O
log-log 7u v MITKICE S ETEBTHY, MIE
(LIEs n IRE LAV 5T —ET 0112~0°13 T&H
() L) A

BEERAE PICETT 5 £ 7 v LR D 700,
L5108 R E T D& S THRE L, 5IERENCFEIT7Z
YT O K FRMRI RS 2 f T D /e, RPICA LN S
T34 < DW|ETR BN D X 51D, AENEHOE
NHHWIET =74 M-NEMREOREETH D, e~0"1
BE LT TRERARON, F v 7 BAEDZIARIT
AAEWOIRESS ET +% (Photo. 12). NFEWMD L b
NIZE T v IBELTWED E S PIEED % £ Tldb
PO VD, Ty FL WX VLI LGENRS
v+ (Photo. 1b). BUi<RTICIZIEEAETATO AR
MNEEIEINT, 5 [BEdh Ao E i (axial macrocrack)
O DT wDHHDNE V. L LREDEHERMNE
WMOEXMRHEVELHRVDT, OBEDDD X 5 il
g e W FEEILIC T 7D T e SR BRRMEER I V2 fth
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5 o ZIPHERICE VT HEE XN L7 Tokos
— 54 FORKWERISHAMOBN L FE S it
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L  20u RcD 21IFD dimple 38517 % (Photo. 2, 3, 4).
- O EDOWERE 10p LLETHNHITIECROBE & DT
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o *“%ﬁ% - eSS Cu THEC, BILMEBIMENEBbRB. Ch
e . 5 OIRFARIREE L~ VIS BIR 7 < Rk T H o7
L. ; o AFRAIED D SR LS ASEES LT
B ik A TIIAE T BAEMUEFED B Dfe. L Lk
e R BN I L BIE S N D7 microvoid bk 519
| Soccimen + 9D (orw 46 kermmy PRRGBID LRGBS LD, W AHET 5
Direction + longitudinal T LETER L 72. Photo. 5 IXHECRIRAIC e =04 o
@ ¢ unctched, b : etched FEES bR v VTGV HERYIRE DF, —196
Photo. 1. Damaged sulfide inclusion and cavity °C TENIIC T X 2= DT, BUNTENDE -
associated with it. i microvoid DAL LTV 5 & Eaibins. ok
6 a 7z microvoid VIFEMFELHTIC /L B & B4
L 8 T EDWDENDA, FERETN
g ol Z@f@ N o VR T H D7
E L irection : tongitudinal T OBEHRE SO —IRELTRD X
2 L 575 2 RIS OEMHIEOB AL X 5 T
50 o L5TE B (Fig 5). AEMEIERER
3,0”.__44¢_wéwﬁ/// otro LIt~ e & 5 IS B A

(ZOHERT p A~ ¥— LD AZANE

s DI N o Rl ol S S I
& !f‘lﬂ‘ ORI E G LT

DL, FTEUEATO LSO
EEED B AZNEWOE N &L RE D55
XD, EEMEBINOERSETT S.

ZoWmAEMBINITTTRIBRE TS
WD A v 7 LRFRICNERI A » 2 (in-
ternal neck) * L T{EA L, LR S
Bt LT X4, & 7-internal neck
fic localized shear MRz B+ &

}
1 S 10 50
w’

4. Progress of the damage of elongated nonmetallic inclusions
as a function of plastic work done in the neck (W').
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Specimen : 2D (o Ly 46 kg/mm?2)

Direction : transverse

Photo. 2. Scanning electronmicrograph showing
duplex dimple pattern.

EYBTIBIOM & & bic, microvoid OEWIC X 54
TR A2 B D D X 5 7 R(UEMIFHEZERET DIERP &
BT LB DXL 2ZEEOBEICL D, EHRAY

EAMEC R XIET S%ORE L7 7 N TT W
BERBREARCHET 2 ZEBTES.

or & er OERMABERRIZNTNOZLLDIES B
FE DAL oz, LT LICEA LRy Lk
Lzhb% log-log vy h35E, BT bifs%x
For-Emicinsd (Fig. 6). »0IT 2 v 70T N %
TIRHE SN EAEE Wr & UTEBRIRE Wr
A R AT 5 L, <7< L o™mEEAITIRLT

i

Specimen :

ID (ory 45 kg/mm?)

Before necking Etongated inclusion
el .
~——] —s
e ad
After necking
4
— T O
v Fine spherical
inclusions
Axial crack
Fracture 1(
4 .
l Microvoid

Afier separation

Large dimple

Smalil dimpie

Fig. 5. Schematic-representation of the two stage
ductile fracture mechanism.

Direction : longitudinal

Photo. 3. Scanning electronmicrograph showing duplex dimple pattern

(stereo pair, tilting 9°).
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Specimen : 2D (ory 46 kg/mm?)
Direction : transverse
Photo. 4. Scanning electronmicrograph showing a

large dimple associated with cracked sulfide

Specimen : 1D (ory 56 kg/mm?)
Direction : longitudinal
Prestrained to ¢ =04 at room temperature and
broken at —196°C

Photo. 5. Scanning electronmicrograph showing a
microvoid associated with a fine spherical

inclusions. inclusion.
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o 1DL
e |DC
& 2DL
¢ 20C
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o \ " \ 39
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= =< 8 N
205 >< 100 105
~C - 95 -
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200 1 i J 1
-0'10 -005 (¢] 005 [oN{s] 015

log &,

Fig. 6. Relationship between fracture strain and fracture stress.

B er-or 70 v MOEWAEREFOZ L2 bh 5.

Wr=(1/2) - (ory+0F)-ep -eemeemeen(2)
TH5 P EFEOHHE, ABEG TR U CEMSE

BECHT 5 —EORRAANETEROFET 5 4E
WDdHdZ ERTHRENDL, ZOIX S GO —%N
RIS EOMT T TRE L biv. ¥4

EBBRFELILRABT er BHBEINDHXHSKBI DM
TN RT 5 BREN L7z e-Cu OEBMZETRICH T D5
ML DD LB BHIOD0,

2mmV ) v FL o W E—RBD LEs 1ZF— LN
AN (F—88E, 208, KEFM) T er & XWEED
HBH, EEGEEBLCE—DHEBEIIRONRV. —F
WRTIEH DM Es & Wre Officis Fig. 7 0k 51
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Fig. 7. Correlation of the plastic work done in the
neck up to fracture (Wpr) and upper shelf
energy (LE).

LRI OWTHEN X VWEBEH D, Fig. 6 DR
oEs %195 2 — % — L L7-fbDOWHNEEZEDFER DS bt
EXT, oE ARMEORE LT LORZYSESTIFX
5.

Symbols same as in Fig. 6.

3. FEENAEMORR &L TN

LDERMD T 7V — R DOWT, S MES T
ASRNEWM ORI K3 D I1REI 2 ] 5401 L7chs,
DERXZD XS I RFBHMBEINEDOROEMEIT B
LTEFTEEOFICOWTIHRAS. #iHiz Table 1 @
[AA] ~ [Al] 2T 8EHETH v, 0-10C-0-3Si-1-2
Mn o Si *V F§fic Nb, V, Ti, Zr, B, La, Al 72
EOWBEITLREZME/2bDT, &< Ti, Zr, La, Al
DB B X DREATRbhTwa. Bl
0 kg EREEFECRGBR TRV, iz L C=5:
1'7 o/ v FfEIC XY 12mm [Zic BESTEIEL, 900

Table 2. Cleanliness evaluated by point counting
according to JIS G 0555.

Stecl dA i B dC 2 50 300
AA 0119 | 0-004 | 0023 | 0146
Nb 0123 | 0-004 | 0012 | 0139
v 0-164 | 0-007 | 0004 | 0-175
Ti 0-03 | 0-004 | 008 | 012
Zr 0-019 | 0-035 | 0065 | 0°119
B 0-123 | 0-004 | 0-008 | 0-135
La 0 0031 | 0-150 | 0.181
Al 0054 | 0027 | 0062 | 0-143

A NT, =T 4 bHEIFH 15% TTTOHFToOW
TEE—ETH 5. ,
LHMOIEEBNEMTIRMICEIT X D 278 D RPE
{LL7=. Photo. 6 1x~— 250 [AA] OFEET, ¥V
— k(a), MnS(b) ©0X5% A RBKHSTTHD.
[NbJ, [V], [B] %13I1F [AA] LRiRTH 5. Photo.
7, 8 rnLh [Til, |Zr] OBFETHSH, MnS
(c)ix Photo. 6 LR UTZE{LLALWDAY, ¥ U4 — MI
WHWELT, a, box 5k TiO; H5WwE ZrO; 0x
ELTCCRONEDBESNS X 512/, [La] T
A%k, BFRIIMELL, MmNk CHRA#E (Fe-Mn-La-S)
OHBRBEN% (Photo. 9). [Al} TWEY Y & — bA5{H
2T ALO; (B,CR) MM 5. ZhboDFA 2 bA
v M X BIERERERERE Table 2 0F LD TR
. ¥R [Lal 53 [V] TEFOBERENRSLSE
LI DTV5BD, &EFELTIRE—ELALEDLLHE
2bh, BRELVWELIEARGELELTY Yy~ M-
B, CRofitiez b, BROEAHDLIREWE
DD, BEINLOMEITLEDD S DD, T

°C THEHER T o7, MEIETRT T 2354 hrem T B DIEGIRAE, IRIES S X BNEMOZE(LSIER
40
(a) (b)
As normalized As norn alized
o o Zr ® Zr
30 - B
- T o Ti
NE o Al e La eala e Al
2 20+ —
£ Nb AA
z oe ©AA oy qNb
B B
LL": 10 ~
0 1 1 | !
010 015 020 005 O10 015 020

Total inclusion

Type A inclusion

Fig. 8. Correlation of upper shelf energy (,E;) and total inclusion content (a), or elongated
inclusion content (b) evaluated by point count method after JIS.
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Photo. 6. Nonmetallic inclusions in steel “AA”.
Ti . o n -
; -
j ’ [ *
| a - - < b
l ¢
i
[ . e A i e A 50/1’ 1
a. b. TiOQ-Alzo:f, C, MnS

Photo. 7. Nonmetallic inclusions in steel “Ti”.

KEVWDT, LILDX S N EDOELIIFTEDOEHET
CETS5LDEIRELTELBRETHD.

SERED oLy t3 [Nb] 23 38kg/ mm? TRORH
VWORERE, T 30~35kg/ mm? Oflicd D, 5L
AEELLIcWwEELZTE Y. LEMO 2mmV )/ » F
e —REBD T 13 —20°C ([AA])~~—T70°C
(TAL)) CTHo- EHEEELLTIITIX B &Y,
NENEDEOBGEY oy FLidoM Fig. 8 TH
%. Fig. 8a REHEHELOBBRETRLALD OTH

>
“
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DTHBHH, FiLD SHEPELEBEEZINTEY, ARMNE
Wome £ HiT £ BET TS C RAkEmE 0N
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. a, ¢. ZrOz, b. MnS
Photo. 8. Nonmetallic inclusions in steel “Zr”.

a, b Fe-Mn-La-S
Photo. 9. Nonmetallic inclusions in. steel “La”.

52 Emb, ARSCROBIKOZED E OLAZD
L LALOLERTRETHSL. Fio [Lal 13 Fig.
8b L CHDEN L, EENRTVWDH, THIRAFRM
HHEE LI ODEMENENLEML TWE T &,
MEDOEE, SEORKE P FFEICELLTwDH I &L
EHP0EELND. BB TENMPHOKREE,
S YR B LT LIl WS 2 — 2 =i
B CHROORITEfTROTWiWAS, AERXZhLE
BB PLETHD.

CDXHRAFoCROLLHIERE Z I L E¥ 2HH

W, BT 2 ERMEOMEME R SR AL E XD

ns. $ibb Fig. 9 WHRMIORT X S, ARD
TV SIS mE N &AL L 5285, ZOFhT inter-
nal neck & LCEAIL, HBAMBETOME TitE 35
CHRNEMOFE I NI Y RE VIEHER DD HITI
LS TAR LA VER %A 4+ % internal neck 234k
TEHRDEEZLDIENTESD. BEIDOXDITNEW

CEREIET S LIk SEMEOHER, TEMCEELE
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Fig. 10. Variation of fracture appearance transition

temperature with strength level, sulfur

content, and test direction.
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Fig. 11. Relationship between fracture appearance

transition temperature (,7) and temper-

ature range where transition takes place
(4T). «f Fig. L

NEMIECE 2R & LOifbiEmz 8t e 15
NTWBEMBD, —F S%MnS) O#EMIVT LD T
DERED HLST W E DRBIICHS T 59
W, F TRy v E—RBTHE XD T 4T,
B (Fig. 1 8M18) 05 LaEiTlEt L +Es 2R E,
WERROBBITERT S T £7413 4T 24 2%
2T, Table 1 OO OV TG, EE%M
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Fig. 12. Correlation between temperature range where transition takes place (47) and a-
elongated (Type A), or b-spherical (Type C) inclusion content evaluated by
point count method.
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on transition temperature.
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