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Discussion of the Solid Solution Hardening Mechanism of Phosphorus in Steel

Kei SAKATA, Kaneharu OKUDA and Osamu FURUKIMI

Synopsis : Phosphorus (P), which is widely used as solid solution hardening element in ultra-low carbon interstitial free (IF) steel, often exhibits un-

preferable increment of yield strength. In this study, the influence of phosphorus on yielding characteristics in IF steel by focusing the segre-

gation behavior of P to grain boundary. Higher P addition shows normally higher yield elongation compared to its lower addition, leading to

relatively high yield strength when the steel is subjected to conventional recrystallization annealing. On the other hand, when additional heat

treatment at 700°C is employed, the yield strength of the high P added steel can be significantly reduced. This corresponds to the reduction of

the k-value of the Hall-Petch equation. This phenomena is well related to the segregation characteristics of P at grain boundary. Segregated P

may induce to a sort of structural change of the grain boundary of steel, resulting in lowering the yield strength. The equilibrium estimation

of the segregated P content by considering the grain diameter can lead to considerably good agreement with the experimental data obtained

in this study.
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Table 1. Chemical composition of steels used in this study (mass%).

steel C P Mn Si S Al N Ti Nb B
0.08%P  0.0027 0.083 1.21 0.49 0.003 0.038 0.0015 0.036 0.004 0.0011
0.03%P  0.0026 0.028 1.20 0.98 0.004 0.028 0.0028 0.035 0.006 0.0015
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Fig. 1. Change of yield strength, tensile strength and yield elongation of 0.08% P and 0.03% P steels annealed at 820°C. Yield
strength is evaluated both with and without additional temper rolling condition with 0.8% elongation.
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Fig. 3. AES analysis showing the concentration of both P
and B at grain boundary and inside matrix.

Table 2. Coefficients in the Hall-Petch plots (0= 0, +kd~'"?) obtained with or without additional heat treatment at 700°C.

steel  heat reatment YS' (temper rolling free) YS (temper rolling) TS
00 (MPa) k (MPa/mm -1/2) 0 (MPa)  k(MPa/mm -172) og (MPa) k(MPa/mm -1/2)

as annealed 158 18.3 168 13.0 326 11.8
0.08%P

700°C-1.8ks 199 11.7 187 9.6 334 10.3

as annealed 123 22.0 173 121 303 14.9
0.03%P

700C-1.8ks 124 20.3 166 12.4 307 14.0
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Fig. 4. Effect of additional heat treatment condition (time and temperature) on the yielding behavior in (a) 0.08% P and (b) 0.03%

P steels.
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lsotDEHEEENS,

KIZ, & P&A(0.08mass%P—0.0010mass%B)IZ &\ T,
1 % 700°C & F7E L 73R A ORI RRE 12k KT SRz
DB % Fig. 710m T, GHOHKRERD 2 KR TOMmTR
B IIRROBEATEEICZT, PEERRESAENNE Y
FEEL B, —HBIRPLEOMEAMART . AEICH
WA EPH TR P REREIER K E 9~23um (d7P=
6.5~10.5mm "2 IZZ{b L7z, ZDIHBAEDOPORRIREIL,
Fig. 7& DKIEdA 23 um DIFAIIBFREFT % TH 2D A,
WD d=9 um M TR 421 % L THML T 5., ZOH
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R, Fig. 212 L 2R RIS DK T 2855 SR I AV &
LOEFETHETH D ZLDREAMET ZDIZHUTS
%, FEREINSVIRE, F—DBLHEEHETE POK

RNORFTOREI RO ED LD KEL LB, ZTD70,

4 28I TERLA LS TR ROFENZEIL L, WKHH T
FR S & 0 HMEDIK T ATEFEIZ 2 D, 7 DR RIERARE D
EFAEZIE -0 LR IR S,

PLED &S5 IS D HEANER X 5 5 i =58 8 1F $4R
I2iE, EESIETCRE LTPAERIICIRME NS4, P
DRFmITIZE LV EREBNKELSENT S, PIT,
BTFIZ7 4y MBI 3B REENOREIMA
T, REaR R RN U CRER BN 3 RO F 51
HEErBRET. ChoDEALALLDEPOREERILD
BRI RXLEZ S,

P % [EEILITE L U TR L 248 (KR 3B IF S DO F&(R
MEIZE LIFTHERTFIZIOWTE L IZPOREHESIE D
B CHfZE L, LITOMaREHB .

) PEELEHTIHMTIIES DM E TORET,
(KPS R TRRAMUSN R E L, BEIRIBHE B,

2) FHSSRBEERIC, KIB(~700°C) TR T3 2 &
T, BPHOBETERARISNOET AR LS, /-
ZOMERNL, EPM T ORI AMML IEEEEICIL S,
ik, F—=n~XyFRD (KiiF: o) POMEE FOET &
I3 5.
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3)) AV iBIFARAMOKER, S, LR OIKIBRHE
IZKBREREIOETIZPORFEANDRFHIZHIEL T
5,

4) F=AXyFARD (KiX: d) P ORIEFEOME = kfEIZ,
PORFURITAEIZ L DK T35, 24, Li"ick B4
KOENROEERIZE > TEHITE S,

5) MEEKFEINIOIBADIES A, WIFELIZ LD P
DIEFRRBENRBEL BT W LD, KEEEEL -
FEmat EIC L DL Nk 572, ThH, MK IF
I HPORITAERIZ K DRERBEMET LRI 22 &
ST B3BRATHELELIOND,
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