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Equilibrium and Non-equilibrium Grain Boundary Segregation Behavior of
Phosphorus and Carbon in Austenitic Region of Steel

Takashi ABE, Koshiro TSUKADA, Hisatoshi TAGAWA and Isao Ko0zAsu

Synopsis:

* Auger electron microscopic analyses were performed to clarify the grain boundary segregation behavior
of phosphorus and carbon in the austenitic region of steel. Grain boundary migration during grain growth
and recrystallization gave rise to non-equilibrium segregation which resulted in a higher solute concentra-
tion on grain boundaries than that of equilibrium segregation. The increment of segregation caused by
migration depended on the boundary migration velocity. Faster migration brought about greater concentra-
tions for velocities less than a critical value, which depended on the diffusivity of solute. In recrystalliza-
tion, faster diffusing elements such as carbon segregated with higher concentrations. It was suggested that
the solute sweep effect during grain boundary migration caused the non-equilibrium segregation.

Key words: grain boundary ; segregation ; austenite region ; boundary migration ; solute drag effect;

recrystallization.
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Table 1. Chemical composition, at% (wt% ).
Steel C Si Mn P s Sol. Al T.N.
A (0.438) (0:23) 12) (0.007) (6:0048) (8182?) <828§§§)
B (0:420) (0:23) (119) (0.046) (0.0048) (0.09) (6:008%)
c (0:538) (6:36) 119 (0:068) (6:0048) (0:028) (©:0070)
D ©0.42) ©:3 1:19) ©:350) (60:0043) (6:025) (6:0068)
Table 2. Condition of Auger electron spectroscopy.
Accelerated voltage Absorbed curent Sweep rate Vacuum Time constant Sensitivity Sputtering
(kV) (nA) (eV/s) (Torr) (s) (mV) Acceler(alz%d) voltage Gas
10 100 1.7 3~6x10710 10 3.0 4.5 Ar
a1 50 kg KABMRIFIC TEREBHBL-bOT
HD, 10k W EnENMELL. W, 1250°C | D e
\2C 2h INEARFE L GBRERE (80-40mm2) % MEL, & 10%¢/s | 1~3600s
542 1250°C 12T 1 h ok L4k EEFE (40-14 mmi) %
EfGL 7z ANRFRAOESR, B X ORRMBMI TS
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12 ORI OB L LD TH B, Gas Q. Ges 0.
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L, SAEZTCHRELAKEO L — Y 2 BEF 5o %
o, FERCTHVAHESEMEE Table 2 1IRT. Gas Q. Water Q.
1071 Torr D BAF L EZZEIHER I TS, Fig. 1. Condition of heat cycles, (a) step cycle,
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(b) (c) single cycle and (d) cycle with deformation.
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(a) (b) (c) : Steel A [1.95 at %C-0.012 at % P] (d) (e) (f) : Steel D [1.92 at % C-0.334 at % P]
(a) (d) : SEM (b) (e) : Carbon image (c) (f) : Phosphorus image

Heat treatment : 1 100°C X 1s
Photo. 1.
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SEM observation and Auger electron spectropic image on fracture surface.
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Fig. 2. Effect of phosphorous content on P and C
segregation.
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Fig. 3. Effect of holding temperature on segrega-

tion of P and C.
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Fig. 4. Change in phosphorus concentration with

holding time in step heat cycle.
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Fig. 6. Change in phosphorus segregation and
fracture appearance with heating rate.

BT ES 2 AL 2207, RRBEE OER L
R ERNFARTE LT HEELLNL I L DS,
KFRBEE RO WA 5 5 & RERF B OB > o TRITE
BOLABLT A LIRENS.
3-4 RINICHKITTMBEEDE

1100°C —BRFOFEHIZ>TMEEE % 1~
100°C/s D& TEAL & CRITEB~DOFE % F~ 7.
Fig. 6 i A %8 (0.012at% P), C %8 (0.174 at% P)
WKOWTORRERYT. WML R RRITR I INSGE
FEARTFE 2R L, INEREEE A5HE 12 2 W CTHRAT B 2SS b
L7z, CHICBWTIMBERE A 1°C/s 5 100°C/s
NEBEL 2 S K KR mAT R K 70% B L
7=.

—75, ASIZBVTIE 1°C/s DWW ) L sk
O TIIRRBIESE U272, 13E A SRS
FRELD, MBGEE OB L b 2o CRABEHEAE
GIIRBDOND L)X h0k. SIEEICE D R
WL EE(L UIMAEE & 0fFRE LTRRPICEREL
7o INBGEEEAS 1°C/s H 5 100°C/s ~ L BhI§ 512>
NCHABEEIL 5% 25 50% ~EWLTWE, Wi
TRATE & X OB O Jl5E > S B EE o B8 K3k
TR EDEME D 26T 2 LB DHER TV,
'3-5 BREACLIREFETIE

Y I BT B RN -4 S5 O R FURAT 0 IRREZ
BICDWTRET 2 A 5 7280, INLEI% DR SR % 3
LA Fig. LIR&8RAHLIIZ, CH%E 1100°C i

(a) 1100°C X 3600s
(b) 1100°C X 3 600 s-50 % hot rolling-1100°C X 5§
Steel C:1.76 at % C-0.174 at % P

Photo. 2. Effect of recrystallization on the
etching sensitivity of prior austenite grain
boundary.
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Table 3. Summary of results.
Single heat cycle Heat cycle with deformation
Step heat cycle
(Without G. B. migration) (G. B. migration G. B. migration )

with grain growth with recrystallization,
Effect of - . . .
bulk content Bulk content cc G. B. concentration Bulk content oc G. B. concentration Bulk content < G. B. concentration
Temperature Lower temperature - —
dependence —+ Increase of concentration
Time Longer time Longer time —
dependence — Increase of concentration — Decrease of concentration

Segregation layer

Extremely thin

Extremely thin

Extremely thin

Heating rate

Higher heating rate
— Increase of concentration

Non-equilibrium segregation

dependence
Mechanism Equilibrium segregation
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Fig. 7. Change in concentration of phosphorus and
carbon with recrystallization of austenite grain.
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