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Resulphurized Steels Containing Zirconium

Kiichi NARITA, Yoshihiro YAMAGUCHI,

Naoomi YAGI, and Takashi SHIMOHATA

Synopsis:

Effects of zirconium addition on sulphide morphology, mechanical properties and machinability of
resulphurized steels have been studied. Zirconium forms zirconium oxide, nitride, carbon-nitrogen sul-
phide and different types of sulphides in resulphurized steels. Remarkable improvements of sulphide
morphology are observed in hot rolled steels containing a certain minimum amount of zirconium or more,
which depends on both nitrogen and oxygen contents in steels. X-ray diffraction and electron diffraction
analyses show that this non—-deformable sulphide during hot rolling is MnS-Zr,S, eutectic.

The formation of oval sulphide by zirconium addition has beneficial effects on the tensile ductility for
the transverse specimens and the cold forgiability evaluated by the upset test, while little effect is observed
for the properties of the longitudinal specimens.

Effects of zirconium addition on the machinability have also been investigated. In turning with high
speed steel tool, the tool life, cutting force and cutting ratio are not apparently influenced by zirconium
addition. Oval sulphides in zirconium contained steels, however, promote the void formation at the sulphide/

matrix interface in the primary shear zone during chip formation.
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Table 1. Chemical composition of steels tested (Group 1)

Composition (wt 24) ;
Sub-Group No. “ : : - - ‘ k Remarks
cC | S | Ma | S | zZz | N | O |
I-A-1 0.0061 © 0.00L : 0.006 ! 0.080 | 0.064, 0.0032 0.0087 |
I-A I1-A-2 0.001 | 0.001 0.005 l 0.085| 0.140 | 0.0018 0.0108 @ Vacuum melt,
1-A-3 | 0,002 0.00f | 0.005: 0.074 | 0.240 | 0.0044 0.0108 - 15} chill mold
1-A-4 | 0.002 | 0.001| 0.005] 0.075| 0.270; 0.0034 | 0.0096 | § chill mo
i i 1
I1-B-1 0.007 . 0.28 |, 0.97 0.28 0.12 0.0068 0.0152 |
I1-B-2 0.010 { 0.24 0.80 0.26 0.18 0.0064 0.0124 Ai 1
I-B I-B-3 . 0.007 . 0.28 { 0.77 | 0.31 | 0.32 | 0.0089 | 0.0068 i mett,
I-B-4 0.008 ; 0.22 0.81 0.31 0.50 0.0073 0.0084 100 kg sand mold
I-B-5 0.007 | 0.31 0.96 0.25 0.58 0.0060 0.0054
Table 2. Chemical composition of steels tested (Group 1)
Composition (wt %)
Sub-Group No. Melt
C Si Mn P S Al Zr N O
I-A-1 0.40 | 0.06 | 0.81 0.016 | 0.014| 0.034 — | 0.0019 | 0.0024 Vacuum
I-A-2 [0.36]0.06]0.73| 0.013| 0.075] 0.028 — | 0.0014 | 0.0023 4
I1-A I-A-3 10.40|0.06{0.83| 0.011 | 0.067 | 0.030 | 0.025 | 0.0024 | 0.0022 4
I-A-4 [(0.4010.06|0.86| 0.012| 0.060| 0.032 | 0.050 | 0.0016 | 0.0025 7
I-A-5 [0.36[0.05]0.75| 0.012| 0.063 | 0.033 | 0.076 | 0.0014 | 0.0021 4
I-A-6 |0.38|0.06|0.75| 0.013.f 0.070 | 0.032 | 0.166 | 0.0029 | 0.0016 4
I-B-1 [0.37 (0.30(0.83 | 0.013| 0.064| 0.038 — 10.0024 { 0.0016 | Vacuum
1-B-2 [0.3710.32|0.81{ 0.017| 0.068| 0.030 — | 0.0073 | 0.0065 | Air
1-B-3 [0.33]0.34|0.82| 0.010 0.065| 0.033 | 0.058 | 0.0022 | 0.0022 | Vacuum
I-B-4 {0.390.30/0.78| 0.013 ] 0.066| 0.035| 0.050 | 0.0032 | 0.0018 X4
I-B I-B-5 [0.390.35(0.81| 0.011 | 0.069 | 0.035| 0.060 | 0.0059 | 0.0012 4
I-B-6 (0.36|0.32(0.83| 0.010{ 0.069 | 0.033 | 0.053 | 0.0022 | 0.0038 4
I-B-7 (0.35]10.34|0.78( 0.010| 0.071] 0.030 [ 0.059 | 0.0051 | 0.0027 4
I-B-8 [0.3710.35|0.80! 0.012| 0.071 | 0.025| 0.050 | 0.0069 | 0.0062 | Air
I-B-9 [0.36{0.41|0.88{ 0.013| 0.068 | 0.024 | 0.052 | 0.0065 | 0.0055 4
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Table 3. Identification of sulphide inclusions by means of X-ray diffraction and electron diffraction.

Composition (wt %) .
No. Zl\/itzlar lr;;tgc() 1 X-ray diffraction | Electron diffraction
Mn 7r S r¥(mol) /S (mo

I-A-1. 0.008 0,064 0.080 0.08 FeS+ (ZrS,) FeS+ (ZrS,)
1-A-2 0.005 0.140 0.083 0.41 ZrS, -+ (ZrgSy) AR
1-A-3 " 0.005 0.240 0.074 0.86 Z1sS, ZrsS,
[-A-4 . 0.005 0.270 0.075 1.04 ZrS ZrS
[-B-1 . 0.97 0.12 0.28 0.04 MnS
[-B-2" -0.80 0.18 0.26 0.14 MnS+Zr;S,
1-B-3 0.77 0.32 0.31 0.28 MnS +Zr;S, Unidentified
[-B-4 0.81 0.50 0.31 0.49 ZryS,+ (MnS)
[-B-5 0.96 0.58 0.25 0.74 Zr3S,

Note : 1) The molar ratio (Zr#/S) is (02T~ Zraszr0,42en) /91

S /32

2) Sulphides in parentheses are minor in amount.
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Lrd 2D ZsS, 13d % Zr IR TR B cREET
LD T, Photo. 1 R RT X 5 MnS-ZrsS, D
FHENEWE LCHFEL, ZrSs 13 MnS thcigB ko

'MnS—Zr;,S‘; cutecﬁc sulphide in as-cast
condition (Steel No. I-B-3)

Photo. 1

Photo. 2. Sulphide inclusions in No. I-B-3 steel

quenched from 1 300°C.
Note : Eutectic is not observed.
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Fig. 1. Relation between ZrS% in (Mn,Zr)S
inclusions and Zr*(mol) /S (mol) in Group
I-B steels quenched from 1 300°C.
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(;) 0% Zr

(c) 0‘.050’% Zr

(d) 0.166% Zr

Photo. 3. Effects of zirconium addition on the sulphide shape. Forging ratio 20.

(a) Optical micrograph.
Unetched.

(b) Scanning electron micrograph.
Etched with 10% chromic acid.

Photo. 4. MnS-Zr;S, eutectic sulphide in as-forged condition (Steel No. II-A-5).
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Fig. 2. Effect of zirconium content on the sul- <
phide aspect ratio. The sulphide aspect o
ratio is obtained as length vs. width ratio
of sulphide. 0.2
o Group II-A
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)] [ ] " I1-B o
5 Z 01 <G
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Fig. 3. Effect of effective zirconium content on Fig. 4. Relation between area fraction of inclu-

the sulphide aspect ratio. The effective
zirconium content is shown as (3)Zr-
2157104+ zrN) 6.
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sions and zirconium -content in steels.
The area fractions were [determined by
point counting according to JIS G-0555.
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Fig. 5. Effects of zirconium content on the re-
duction of area for the longitudinal and
transverse directions and on the critical
compression limit.
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Fig. 6. Relation between the anisotropy of duc-
tility and the sulphide aspect ratio.
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Fig. 7. Fffect of zirconium content on the tool
life (Vy-value : m/ min).
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Fig. 8. Effects of zirconium content on the
cutting force and cutting ratio.
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(a) Stringer sulphide inclusions in
No. II-A-2 steel.
Etched with 595 nital.

.z;;w/« rf?—v;—wﬁ *}‘*M:’*‘“ TR VPR TR T e
2R ; . S < '
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BRRGEVWHBIFE LW E S TWEI08), KEE
ORI, ERAIRBRNFC I VBRI h-g0k
B, THOHIRREET 3 EFH{LISNEVWTE, BX
CSEBEB RN &M, Zr e X 55{LE
KOBEPPHIER K ELEEZ XTI r2b0
LEEEXNS. Efo ZIN ¢ Zr0, 3 ZOEREDE T,
WEE KEREELEIIEIRVWEREDRS.

3-3-2 Y1 FAEREHCR XIFTT Zr FnoEE

Fig. 8 i OJHIRIL, OIHIIC 3 X T Zr Shno &
AT UIHEERL 9K FEIWE, Zr gl XoT
HEINEW. LB DOCHAMEROUI ¥%4KT %
CETHHEEEN, Zr B0 B rrb b RET
HBZEML, BETRUILL S ITEFGFEN Zr I
IMOFEE L FIF o7z & BEFIND.

PLE, BRTCELX ST/ NS VEE, <50
Tl ARREENCIE, B bR $hER S BRET
v L2L, &0 R o lEr s, 2ok
KOBERIHFET . IRTtIHIREIEE2TTiEV, BA
HrBIRIC B DLW OB ZEH 2 TE LR 1 4l

* .
U A" SUNTINN Qe

(k) Globular sulphide inclusions in
No. IF-A-5 steel.
Etched with 535 nital.

Photo. 5. Scanning electron micrograph showing void fromation by sulphide inclusions in the
middle region of the primary shear zone. Tool edge is below and to left of photograph.
Orthogonal cutting conditions used in a quick-stop test are as follows. Tool
material : SKH 9, Tool geometry : Rake angle+ 15 degrees, Depth of cut : 0.16mm,
Width of cut: 1.0 mm, Cutting speed : 40 m/ min, Dry cut.
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Table 4 iz I-A-3, I-A-4 §» SHH LGk o
X@EfERr T+, coT, HEfHECcHS dA) k&
v I/ o, HithoRREERUTRTITRER
FlhvitEpbbkdhboTdH 5. thabb 1-A-3
OB LY O RSB &, ZrS, T8 Fd3m o 22
g dtoUDLDXr L, i -A-4gHdhoxrhiz, NaCl
Mo ZrS Tt FHE Fmd3m oLHBEZ O L{FEELT
wB,

roER, IFA-4A HPoMit O XBEFHAR (£
) 1, BEEE LI —HLTEY, ZOFbihx ZrS
t#Exzoh3. chiestL T, FA-3 @ opkibimicE
LT, d(A)oEmiE e 3HEE s B kEmE vw— %
RLTWBD, I/, oXBEEIFE EX—HL Twvwi
vw. Haan BY X % &, ZS, O fRiEER, ZISo
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Table 4. X-ray diffraction analyses for zirconium sulphide inclusions.

ZryS, in No. I-A-3 steel ZrS in No. I-A-4 steel
hkt @A 4 | oy, yn iw k1 dh | WA | pyn | oy
as Fd3 m cal, . obs. | cal | obs. as Fd 3 m | cal. | obs. cal. 1 obs.
11 5.918 @ 5.958 @ 42.4 | 19 i |
220 3.624 | — | 356 = |
311 3.091 3.089 | 22.2 12 :
222 2.959 2.959 | 100.0 15 111 3.031 ' 2.970 43.9 33
400 9.563 2.568 20.7 100 200 2.625 ©  2.573 100.0 100
331 2.352 2.358 8.9 6
422 2.092 — 11.7 —
g??} 1.973 1.981 6.2 3
440 1.812 ©  1.820 55.5 28 290 1.856 1.820 62.9 64
531 1.733 1.733 5.7 3
620 1.621 = 4.4 _
533 1.563 — 1.9 —
622 1.545 1.548 34.7 5 311 1.583 1.552 17.4 9
444 1.479 1.480 4.5 1 222 1.516 1.486 19.6 17
??}} 1.435 — 2.7 —
642 1.370 — 4.6 —
gg?} 1.334 1.338 3.1 2
800 1.281 1.284 7.3 5 400 | 1.313 1.287 8.4 7
733 1.252 — 0.8 —
660
822} 1.208 — 2.2 —
?gf} 1.184 — 1.6 —
662 1.176 — 12.1 — 331 1.204 1.181 5.9 4
840 1.146 1.146 4.9 8 420 1.174 1.151 92.0 - 15
;??} 1.125 — 1.7 —
664 1.093 — 1.1 —
031 1.074 — 1.0 —
814 1.046 1.048 14.8 5 422 1.072 1.051 16.4 9
(Note) Target : Cu
range: ZrS; 5. 49) %L BHLMRTWDB., ZDOT EEFE X [

B3 5&, Table 412/ LA ZrS 0[EHFHIZ, ZryS,o
RO —HLIEEMNI L —FH LTk » Hann 50301
EFBFLEW. oz td b, I-A-3 §#Fidh o Zr 5
iz, ZrS RV RMEEE LA ZnS, rtHEEs
hd.
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