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Effect of Phosphorus on Hardenability and Isothermal Transformation
Behavior in High-purity 0.35% Carbon Steels

Kaneaki Tsuzaki, Kouji TANAKA, Tadashi MAKI and Imao TAMURA

Synopsis :

Effect of phosphorus on the hardenability and the pearlite transformation behavior in high-purity 0.35%
carbon steels has been investigated.

It was confirmed by Jominy end-quench testing, dilatometric measurement, and metallography that phos-
phorus increased the hardenability. The Jominy distance parabolically increased with phosphorus content,
and the phosphorus effect tended to saturate at high phosphorus content around 0.04%. Metallography
showed that the hardenability was limited by the pearlite (degenerate pearlite) transformation at around 820
K. The growth rate of pearlite nodules at 823 K markedly decreased by addition of phosphorus, but the
nucleation rate did not. It was concluded that the enhancement of hardenability by phosphorus addition was
caused by the retardation of pearlite growth because of solute drag effect.

Key words : hardenability ; phosphorus ; high-purity carbon steel ; Jominy test ; pearlite transformation ;
growth rate ; solute drag effect ; transformation kinetics ; metallography.
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Table 1. Chemical compositions of steels (mass%).
Steel C Si Mn P S Al N (0]
Low P steel 0.34 0.010 <0.001 0.001 0.001 0.003 0.0007 0.002
Middle P steel 0.33 0.011 <0.001 0.007 0.001 0.003 0.0007 0.002
High P steel 0.35 0.013 0.001 0.041 0.001 0.003 0.0010 0.003
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Fig. 2. Effect of phosphorus on Jominy distance.
The specimens were austenitized at 1 373K for 1.2
ks.
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Fig. 3. Continuous cooling transformation dia-

grams (CCT) of low P (10 ppm).and high P (410
ppm) steels. Open and closed circles indicate the
transformation start temperature obtained by dila-
tometric measurement.

Fig. 3 CEP#M: S PH 4 OFE CHERGH L
7B OERERMGIRE % S0y L7 CCT MERT. X
O M#R 2 Fe-Fe;C R FHARERIL D KD 72 Aey K
(1063K) 25 0GHMMETH S, EREMBIERE IZGH
HENKEL 2DITEETL, 451 150K/s fHETH
820K 2 5# 630K ~NL KE KT LTS, Z DR
BEPHEBPHMCRIRTH D, EHREFIGAIEEE 12135
TRELZEIRDONLZ W,

Fig. 4 ICHEBEHNERBZOY v & — AW S & HH*E
BiodLcray b LERERT. BKPHOKERER
HE, X 60K/s F THHEEDOBME L HiTHbT
MICHEMLT WA, LT 9K/s TARLT 370K/s
TRKEEABANLTEORZYVT U A4 FOFFEER
(HV=#590) &L < AoTwab. P, BPHIC

A
600" (LOAD 49N) P’ o
[ ]
1BQ
O LOW P (10 ppm)
@ 500}
u aMDP (70 ppm)
= w HIGH P (410ppm)
2
)]
& so0f
[
<
a
o
<
T 300}
%]
[0 4
w
¥
Q
> 200t
1 1 1 1 L
100y 5 10 50 100 500

COOLING RATE / K-s™

Fig. 4. Effect of cooling rate after austenitization
on Vickers hardness number at room temperature
in low P, middle P, and high P steels.
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Fig. 5. Dilatation-temperature curves of low P
and high P steels when the specimens were cooled
at 95K/s from 1 373 K.
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2 ! Low P steel (10 ppm)
b : High P steel (410 ppm)

Photo. 1. Optical micrographs of the specimens
cooled at 3K/s after austenitization.

a . Low P steel (10 ppm)
b : High P steel (410 ppm)

Optical micrographs of the specimens
cooled at 60 K/s after austenitization.

Photo. 2.
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a : Low P steel (10 ppm)
b ! High P steel (410 ppm)

Optical micrographs of the specimens
cooled at 95 K/s after austenitization.

Photo. 3.
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Photo. 4. Transmission electron micrograph of the
degenerate pearlite of the specimen of a low P (10
ppm) steel cooled at 20 K/s after austenitization.

(a)1s
Photo. 5. Optical micrographs showing the progress of pearlite transformation at 823K in a low P
(10 ppm) steel.
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Fig. 6. Isothermal transformation curves at 988K,
973K, and 958 K in low P and high P steels.
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a ! Low P steel (10 ppm)
b ! High P steel (410 ppm)

Photo. 6. Optical micrographs showing the effect
of phosphorus on the pearlite transformation be-
havior at 823 K. The specimens were transformed

for 5s at 823 K.
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E(4)KE % 5.
A8 — A8, DID,

RT DsAXY+ DIS(K—1?X
ERERE B LURZBEF—EOHAN—-F 1 FORE
BE R TERE(X)ICXBIL TRDT 5 LAt
bk,

—7, ARG FMEA % H v CERZLERE Kinetics
POBEAEEFRHTHHERREL TS, H5% O
BrZHE> &, TTTRCBITA ) — X BETDN -5 4
FERROBRERE(G) B L UBEREE ()& Va3
Z— BB OBFRE LTRANErNS.

G’[J“:m (m:Const) ........................ (5)
()RR EFRAT DI LICEST, Yai=—0
B(HOPE(X)EFE (6 )RDK I cKENS.

J ___( % )0‘18< AinTAga' DBAXZ+II))§giK—1)2X >°-54

G=

ZZT, Photo. 6 T/RLAZLHIZ/8—F 4 b DAER
HERPHRMIEXOTIFLEA LB LL 220 T, 1
BPEIZELT—FE LTHDHFE2/. (6 ) XLV PE
OWINZ &b vy g I = — BB MY %
ZEAbhBb, IhiEFig 2 TRLAERE B OHIE
LTWwWahA. 2T, PHRMICKXBEAEOM EIE So-
lute drag $512 & 0 TEMIIC E BB TTRETH 5.
LAHL, EEMZERCIPRMNCES D 0ZEALB
U794 M XYy 4 FREBREROEL (Zhi
0 Ag, EALTB) WO TALENDY,
INLHRESEDOBETHA.

5. #&

REUNOEETELE TELZIFERLANMIIHZ TP
BENATHEMICEL SIS EME 0.35 % FREMLER
LT, Va3=—RE SR HEREER
BREATV, TERTHTH O EHERFEROPEAMLS &
OMEIREEEEE)C B LITTPHEOMEREICOVWTRETL
7. BONLEELBRIROLBY THS.

(1)PHEMICE D 0.35% mEMOBEAEEH LT
AL, VaI—fEHEiE, PE210ppm T 3.1mm, 70
ppm T 3.9mm, 410ppm T 4.7mm & %2 0, ZFOHEM
DERNZ P REIZH L THRIENTH 5.

il

(2 )EBE H ARSI HEE O & b 2w,
TxFA bNXN—F A4+, EENN—F4 P, EHII=N
FoHA MRIET D EVD) LHCEILL, 0.35% &
FMoOT VT A VEREBARRCH DAL EX
By AILEERREIR 820K fFiETH/—F 4 FNERETH
L, ZON—54 M, AEDOEL XY %4 MHSERE R
DTCHBLEPNN—F L FTH5B.

(3)823K TOfEE/S—F 4 MERIIZPOGHEMICL 2
TRECHEI SRS, ZD/5—F5 4 NERROIHIE, P
WM L2 TH—F 4 POFERBENFRE WP T 572
DTHY, MEBEEDOET/HE .

(4)PEEMICE b %) BEAEOMH L, Solute
drag S RICE B -5 4 FOREERERL L BHICH
BRLTWBEEZOND,

AIFFC S SRMERE L F RS (BAEHMIRS) 081
LZOHEMAO—HTH Y, FuihHiwme @S
PEOWREARNESSE*ILOERBEDH 4, %56 UICHE
TRV 2 22w RSB TR S SRR TR 5E
FricE#ossRL 7.
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