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The Effect of High Pressure on the Isothermal Transformation in
High Purity Fe-C Alloys and Commercial Steels

Synopsis:

Mitsutane FuprTA and Masatoshi SUZUKI

The effects of high pressure on the isothermal transformation are studied for three high purity Fe-C
alloys and commercial steels. The specimens (3 mm¢ X3 mm) are inserted into a ‘‘girdle” type high
-pressure apparatus and the isothermal transformation are carried out at 29 or 38°5kbar.

The results obtained were as follows:

(1) The rates of isothermal transformation both in Fe-C alloys and commercial steels are retarded
by pressure, and the retardation is much stronger in the latter.
(2) By increasing the pressure from 29 to 38:5kbar in all alloys and steels, the incubation time

increases by approximately five times.

(3) The structures obtained in isothermal transformation at high temperature can be explamed
from the phase equilibrium diagram under high pressure which is different from that at atmospheric

pressure.

(4) As singular structures appeared in the transformation at low temperature and high pressure,
““aggregate” or ‘“‘columnar bainite” structures are observed in place of the acicular bainite at atmos-
pheric pressure. The ranges in which those structures appear are determined.

(5) The shape of carbide in a commercial steel containing 1-124C changes from spherical shape
to acicular one with the increase of pressure from 29 to 38:5 kbar.

(Received Dec. 2, 1970)
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Fig. 1. Effect of pressure on phase equilibria? and

M2 point in the Fe-C system.
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Table 1. Chemical composition of specimens.
Specimen | G Si Mn P S
A-2 028 0°001 | 0-004 | 0-001 0-002'
A-4 0:'42| 0001 | 0-01 0-001 | 0-003
A-9 0:'99 | 0001 | 0-03 0-001 | 0-003
s20C 0:-25| 026 0-60 0-021 0-011
S50C 049 | 0-21 0-49 0-010 | 0-016
SK3 1-11 | 0-23 0-50 0-022 | 0-009

— 83 —



1678 % L W

¥ 57 £ (1971) $10%

LED $-RFEEEE, FEMEET, SO ULHEE
FRER L BAEH — F h BYEOz Fe-C BE&ETEREL,
BREEZEERIFT 6kg B8 LE. 204 Ty b
10 mm § ¥ CEUREIETS, Bik/BA2ER Dk < 7o i i
T 8mm§ FTYlh, BT Smmf A FTRT -V
T ERATI, HE1%{F 2T 3mm st v, ftat
e L7, ERMZT 40mm§ OWEMERBLREET
MITL72dbo% FRA LK. Kk E5IMI%, BHZEgT
950°C, 15 min OINEAEFT Vv, THFENDO P DRE
RSB ON DREOHHEE TEHEIE TR k.
22 RBAHE

BripeMAN |7 I O“CF%EE—FODVE/? DEERRFT I T
LI, LREWIKEBRHFSHES R, SIBSEERSL
BHIESH AT Z B R S DTEL™, Elbik
B X OEEOMIZ ABFIE 2T T #ME LA
IS L R ECT R0 EICOWTIE, 70
WEEBIBINI. H— FAREEERD 10mm§
X20mm QEAEFIZ, Smm§ X3 mm Dk XDHH
7 2EMEE SRS, TDEDD &4 0T 4+ 54
Ny MBFHOBRS - KL, ENEEMO 205 535080
BATWS. &35 «BEEM 1000t L2k,
}_?Ejjgaj)fj]ﬁ;igﬁﬂzjj ‘29kbar, 38-5kbar ;€% %
ETHRESINZ DR eth, By —F CEHERET S
Z & X > THREl O E T D7,

ENZEDENDIIER, FIRTO Bi(]-1), Bi(i-1),
Ti(1—n) OEZEREEA®, Tibb 25-3kbar, 26-8
kbar, 37kbar & L AREEOEGEIH TR/, L
B OTC P AFEP SENEDENEMB I LB TE

5. ENECHEE X, BETORENNEETOLh E
B 2T 3 E52FERANT®D FETTLHEHEE
NZECD HBEID 72T v 2 3y - 7 v A VvEE R THIE
L. BEXMIIHELRAE 2 2oRBolicEr»h, E
N X 3BETE O IEITX HANNEMANSD D HEEICE>
T2z,

mETOSRARELAEL, SETMEDOENZTHE
Lictg, BE%S BT 950°C iz 20 min {85 LT A4 — X
F+4 MEL, 650°C~250°C DEEEIRERFTIs HIREE
ETERL, RIEET 24hr TTOBLORBERFLE
BERCBS L, RSB HLABCENE2EEE
TRERETIRTThok. ik, AREELRDHTE
XY, 950°C X b 200°C IRE ¥ THET HEHEIE
BV 200°C/sec @EETTobh, Liad>TA—2R
T4 MUBEX W ESEEBETRSEECRDET
W 3~5sec ORFESLETH D7

BT OSIRZERES T o7l oW T, BEHIE,

SRS R X CE TSR X 0 BEIE R TR,

29kbar & 38'5kbar O EHETOHBRLRERE T Fh
OB OWTER L. S-RERESL OHIRLRER
RiC/RE iz A, Ms OFZREETIWTRHFHEICX D
k. 4 Ab: KaurMan®® R LAEE X D, T4
Ms 53 RADCLIFFERD 7R L 25 ER X WEHE L %
RLTW3S. ERMICOWTIE Ms 50 % PREDMORESLY
DOFFER L DRDIEER Uz LicdsoT 4, Ms
£EREAREBETRVOT, $L0ThBd 503 L
higv. L LERBEHEAORSE, EHTCTOLLRE
ROBBBEMZ &5 FCBESTHS. ZETERICTE

700

A Y ® . 29kb b 29 kbar
- . Jd—sz20c |
GOO A —o —L @ [ © [o——a= ;
sool et | wzoeexol | A g7 agpe T | (0201
>QL>\<£:; N -
400 —A -o—o .A._AA Py a . 2] - A\ a - :
- oA+F+ \ L a
f;’ 300F Ms a2 4 —e Ao\ o—a i
» 200 T . Ms :
2
o
.o 700
o Sk .
£ - A a . 38'Skb ° Sl
= 600 b T °]E: (025%C) |
7 . R S N _ o (& AuFe 4 [
500 <g\' F c° A-2(028%C) A 2 XarFeC | f‘\‘ -
A ) o o o A
400 _ 5 >°§. o n\_;\\
°o<S - AsF+C N . e
300 Mss 5~95 oo -Ms o
«>95
200 -
10 o> . 10* - 10* 10°10 10 10° 10 10%
. Time (sec) Time (sec)

Fig. 2. TTT diagrams obtained in Fe-0-289,C alloy and 0-259C steel at high pressure.
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(a) pearlite (P) in martensite matrix (M); 650°C X 30 sec.

(b) pearlite (F) and carbide (C); 600°Cx 2 min

(c) aggregate structure (AG) in martensite matrix (M);
500°C X 2 min .

Photo. 1. Microstructures observed in Fe-0-289,C
alloy treated isothermally at 29 kbar.
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(a) columnar bainite : 29 kbar, 300°C X 10 min

(b) columnar bainite : 29 kbar, 350°Cx 20 min
(c) aggregate : 38°5kbar, 450°Cx 20 min

Photo. 2. Microstructures observed in Fé—O'QS%C
alloy (a) and 0°259%C steel (b, ¢) treated
isothermally at high pressure.
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Fig. 3. TTT diagrams obtained in Fe-0'429,C alloy

and 0°499%C steel at high pressure. For comparison;

TTT diagram?®® of 0-45%C steel at 1 atm was quoted at the top.
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(a) proeutectoid ferrite (PF) in martensite matrix.
(M); | atm, 700°C X2 min
(b), (c) . proeutectoid carbide (PC) and pearlite (P) in
martensite matrix (M); 385 kbar, 650°Cx 1 hr
Photo. 3. Comparison of transformation products form-

ed in 0-499,C steel at 1 atm and 38-5 kbar.
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(a) aggregate : 20kbar, 400°
(c) aggregate: 38 5kbar, 350°Cx3 hr

ar, 350°C 20 min
(d) aggregate: 29kbar, 350°Cx1hr

Photo. 4. Microstructures observed in Fe-0-4294,C alloy (a, b, ¢) and 0°499C steel (d) treated

isothermally at high pressure.
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Fig. 4. TTT diagram obtained in Fe-0'99%C alloy and 1:119%C steel at high pressure.

TTT diagram?® of 0-939%C steel obtained at 1 atm is shown.

Table 2. The temperature range which various
structures are observed in isothermal
transformation of Fe-C alloys at high
pressures. Experiments were performed

at every 50°C. Data at 1 atm are

For comparison,

Table 3. The temperature range which various

structures are observed in

isothermal

transformation of commercial steels at

high pressures.

Experiments were pre-

formed at every 50°C. Data at | atm
are shown for comparison.

shown for comparison.

Sample| (1) S20C (2) S50C (3) SK3
Sample aA—-2 (1) A—-4 (2) A—9 K lotm | 29kbar [38'Skbar|| 16tm | 29 kbar [38Skbor|| ) atm | 29kbar |38°Skbar
Pressu; .
N'e 29kbar [365kbar || 1atm | 29kbar |38Skbar | 1otm | 29kbar |385kbar 700 I 1 1 : H
700 I] : : 'esoFlTI T PTI] P|1|]
F o] CF
650 F op p l 600 . P P l p {CPIC CcC P
. [
60 | P P | | P P |c cPp|C 550 11 t 1 ‘
550 o sl : k8
v 450 AG | AG I : - ¥
S00 400 1 l'| a6 | Ac AG| | AG
450 AG AG AG FB8 |
: AG a6l | ac 350 8 | cB AB
400 300 ! }
350 ce c cB AB * P=pearlite, AG=aggregate, CB=columnar bainite,
300 | f . l l C=carbide, F=ferrite, FB=feather bainite, AB=acicular
g bainite ’
* P=pearlite, AG=aggregate, CB=columnar bainite, **  Sample
C=carbide, F=ferrite, FB=feather bainite, AB=acicular (1) 0°25%C, 0 54%Mn, 0°022%P, 0°035%S; 0°14%Si
bainite (by Christenson)37?

#*  Sample :
(1) 0°50%C, 0°0019% >Mn, 0°01%>Si (by Scott)3%
(2) 0°'87~0'89%C (by Kahles)3&?

— 89 —

(2) 0°5%G,
1'18%C,

(3)

0°919%Mn,
0°76%Mn,

(by Wilks)38>

0°011%P, 0°029%S,

0:009%Mo (by Blanchard)39?

0°29%5i,
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| LN 1 R : RN OLAS RS —
j : ) Photo. 6. Acicular carbide structure observed in 1-11
“ . e : : 9C steel treated isothermally for 30 min ,
at 500°C and 38-5 kbar. )

,‘

5

.
A
by &
§
Y-

(a) procutectoid carbide (PC) and pearlite (P); 29 kbar,
650°C X 2 min '

(b), (c) proeutectoid carbide in martensite matrix (M
+PC) and coarse proeutectoid carbide in ferrite
matrix (F+C); 38°5kbar, 650°CXx 1 hr

Photo. 5. Microstructures observed in Fe-0-99%,C b=

alloy treated isothermally at high pressure. Photo. 7. Electron micrographs of carbide, structure
in 1-1194C steel transformed for 20 min at

500°C and 38°5 kbar after austenitized at
THRELADEFELZLNR S, 7 950°C O — x5 1 050°C (a) and 950°C (b).

+ 4 MUBRBEETHRALMA 2 BEOBREZR LD, &
OIREFGEIT Acm #AHLOTREBVWFEFEZXLL  BEREOHRBECEVTE, WIFhOENTTH “colum-
5. % ZT SK 3 g0 38 5kbar DPELFA 25  nar” N4 F 4 MERDSNESOL.

-

F 4 MERE% 1050°C Tfyiso7z. 3-4 EBCONTOEED
A-9 B X SK 3 PHOMEAF D nose X D KIRETH REEICEIDOT, 37 V—FRSISELER, MK

LN 7-ZREMRR%Z Photo., 8(a) XU (B)IRT. #1  KOWTlR~7p%, KB UIRERE TR LW
WRIt OB H S/ “aggregate” MEfEARL, % LT Table 2 H X003 IR L. B2 50°C REkE
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TCHE27DT, MM LR HIEEEERCITEE
Lot EMEZbsSE T 5EFEORETIE, M
B LIELISIRAMEL L 5o Tz, ERHBORDIK
HET TR DA £ 50 OSSR ZERERI SO0 2
LfEEL TR LA L

" (a) carbide and aggregate : 38°5 kbar 450°Cx3bhr
(b) carbide and aggregate : 38°5 kbar 500°CX 2 min

Photo. 8. Microstructures observed in Fe-0:999,C
alloy (b) and 1-1195C steel (a) treated
isothermally at high pressure.

SR ZCRERRFRD nose XD BWREITIE, HETE
FERE, BETRIWT HREEIC b &Skl r
L, z®fl: L Photo. 1(2) DiL#fiHRE:, Photo. 3
(b), Photo. 5(a) DYWFh —s5A KL/~ T4 Mk
#icL7:. Table 23k X083 X {2 LOBME S 5
&, BEED%\ SK 3 35X A9 @ 38:5kbar @
Pat— 5 4 MEBARSNL /5. “columnar”’ ~
4 F4 FDRRDLNDHOIE, EEEREH 350°C LT T,
FEF15 30kbar BIF, FRFHADBENCFEETHD LW
5z EMREHPCRENRTWS. ‘

nose X H{EWIRETEON S “aggregate” FII L
“columnar” ~A4 F4 M EBHETFRMECEHE LR
g% Photo. 8 IRT. (2), (b)RBIU(C)IHEESR
OR% HFRBCHR b/ “aggregate” fRE%E, (d) X
“columnar” X4 +4 MIBEFNENTRT. REED
BN X D RIS BRI 5 BB 5358 < 78 43,
JBikE RV EEERT, £ O lath RTIX7K
LT L AhcellikTH B, EFAAF4 MPRORIETX
R T =54 D lath IE DR BRI T B4,
L7485 T “aggregate” ST EEE~A 54 b LD b
MERILWOSHETRLTED, EEL >4 MERER
IOV HERD &S CBbh 5. (c)iE “aggregate” &2
VF A OREHET, EEAPTHHT LS LT
IDELNHEBTHB. v T H A MNIEH DM
XD lath KeBWETNT ¥4 MCELT B0
T, A-2 OFBHIEEICR VT lath TH %A% 29 kbar
DENFTREZNVT ¥4 MRRT. “columnar” ~
£ 34 ORI OSFE “aggregate” DI L D bIE
P& R A £, “aggregate” FARR X 0 X D ARAIK
NH5HEH5Bbh%.

1. = g

A A

. A
aA—
A+FE
A —
A+F+C
A+F+C
. MS‘

A = gustenite
F = ferrite
C = carbide

Temperaturg ——

R<A<AR

4.1, HERETERICDNT
BETTELNBEELENDOE
i, BETOANERC X 57T
Y, REBLIBZLLIFEETD
BE L FRCIREBRICE> - &bz
A¥. nose DIREEE, ENCXB
HATEEOET ERBELHET T
%. ZEREBALARERSVIE S i X
DIEFIENS. T LCEERI VK
IBOE S BERRKTHS: Thb

Time —

Fig. 5. Schematic illustration of isothermal transformation diagrams
of hypoeutectoid- steel at P;, P; and P; kbar.

pressures increase from P; to Ps.

DESsE, Fig. 5 ICENIC X HE
BLEER O DL EHAIT R L
Foo Pyt Py ~EENBEINT 5

Hydrostatic

—9] —
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&, BT IR AT S =@ AT I O SR TRERIC (L L, TEMRTREING.

ZEREBALAREIEI A L7 IT B, nose OIREERIRT T 5. KR L -k EA4E D nose @?ﬁﬁﬂﬁ‘iﬁéﬁﬁﬁgﬁﬂé
BETCR VTR, REEEOEh X YV MRAREDOE iz Fig. 6 itttk $§h-RESS, EAME b
DB DT KTH DM, Py OBESRILMOFEN BREBCEFNITEIEEIhLV. EFHOESHBLERE

HONDPE, BEAEEOENLD LEERZMEIND PRV, HE & FER TV 595, 29kbar 55385

) ' T
10" T
——=—~ 29kbar ® Commercial steel ¢ Upper ! |
385 kb Fe-C all 400 bainite i Aggregate
—_ ‘5 kbar © Fe-C alloy .
§ . ) | 7///////// /‘/// structure
2 0] s 3 300 \ Columnar
2 ] ~ N bainite
s e
@ / o 2 I M {
- (=]
= -1 g 200 s ’
2 -
.5 10 L - § ) y
3 soeT DT |
3 !t
<
&5 . oo 100
. i i — 10 20 30 40
o 05 ‘ I Pressure (kbar}
Carbon content  (C) Fig. 7. Relationship of various bainite microstructure A’
Fig. 6. Effect of pressure on.the incubation time at of Fe-0-429;,C alloy to pressure and temper-
nose in TTT diagrams of Fe-C alloys and ature. The tendency decreasing acicularity
commercial steels. with increasing pressure is shown.
4
‘T |
4

€ ¢V L

Ay

AT i 1 3 . 1 g . 4
(a) aggregate : Fe-0°99%C alloy, 29kbar, 450°C X! min (b) aggregate : Fe-0-429C alloy, 38'5kbar, 450°CX2min
(¢ )7 aggregate : Fe-0'28%C alloy, 29 kbar, 500°Cx 30 sec (d) columnar bainite : Fe-0'28%C alloy, 29 kbar, 300°Cx3hr
Photo. 9. Transmission electron micrographs of structures in Fe-C alloys transformed isothermally at high

pressure.
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(a) 29kbar, 550X 2min
(b) 38-5kbar, 450% 2 min

Photo. 10. Spherical carbide structure in martensite
matrix observed in 1-1194,C steel (a) and
Fe-0-999;,C alloy (b) treated isothermally
at high pressure.

kbar DEEK X 2BHRIRFAE E b SHFRETHY, H
BHC X 2 ERED LN » D, S-REEE LEAK
FHE D/~ 5 A MEROEHALEROESEL 2T
BIOZ kb, WEORICZERERIE DL NRFES R
DT BT ENTFRETEH, EEMIRICIIERERE
DR T B L, B LOEN T TR A RES K
Bl HRTELR L L LETIC X 5ERBRT
BERERL-DDEEbN S, FFEREDENK
HREHREE bR TH2 2 LBFRENS.
4-2 FAKIZDONT
BETCTHLALMBITIEL LTENC X 2 RERD
b E T 5279 BET TREHR<A 4 +
DB SIF, T DIBESTHE, E OB X b “colum-
nar” NA 4 hp 5 “aggregate” BN EZELTHC
LR LI MO bR RTENZ, oMk, 8
BEC XY E#e2ZIcE T2 bhbhofERech
ETORMETOSRLECHER,LMEL T, 014% &
BEORBEZEUH-IRFEEED Ms 555 nose {REFHT
O OES I X 5E{r% Fig. 7 lT73. “columnar”

N4 F 4 b b “aggregate” SR~ DL LOBRITHAR
T, BEHLLALEWLELT 53D EBEbLS.- &
Lix Photo. 4 25K L7~ “columnar” ~X A4 +4 FOEN
BER LMK X 2Ebr5F X b5, NiLaND §
BEEZLICHLTIDX S MBEEkrZds xR0
Twvih. E7 NILAN (X “columnar” ~4 4 MHBEEHb
NBBEEOEANC X DET 4, AOENT X BELIT
HELTWAHZ ERERHRLTVWEY, AERTRONR
IREJOEINC X BHEMELETBPTEL Y. KFEREL
CERMCEEN DR HMIT Ms K2R TSE5
FEAEIC X DT Ms SIXETT 595, RECTH
PNIENEMER L X SR ERHHEFZ2ONS. T
DX O5BEAICXD, “columnar’ XA F A X “aggre-
gate” HEICELT 53D LEbR 5.

NILAN [IZZEERD “aggregate” MO b HIRE
HTOMME EENA T4 MERTH B LB TV 5-
L2 LEBEOZE®EIRBSEE RS 513 RaDCLIFFE D7R
LI ilT 5. C OB, TEOERY
EOBEWK XS5HD,»H LGV Tibh Nian (X
tetrahedral anvil press Z{FHA LTk Y, bhbhi X
X RADGLIFFE VX FNFht— Fafll, ©x bo-v Y s
£ —MOIENBEEPERAL, NiLANDIE 5 25 X ) IIRAT
HEKEXEONEFETH S, LrLEERITRWT
%, B & ECE AR & OB OEITRD Lk
Dz, . -

43 BETORILMICDONT

SK.3 gfc> 385 kbar TIE 56 2T RALI DTV,
29kbar ¥ XU A9 ERBlOMENT RO B LIIIE
FEREOTEY, AEEEHATH D, BERIRRDS
WikiEkTH 5. T OwTix, Photo. 6, 7 (a),
10 iwm Lic. FEAIC X BT HDORRZ Los EAMIC
Lo, $-RESETIBD LN D Thiz SK
34 A-9 REDOREBOEC X HELTIER . &
HERLE, A9 XVIRFEOSVIHIC DV TD
RapcLirre D5 (1°239%6C) B X Lﬁbn%ﬂ’bw 1-169,C.
S-RELSLSERER TV TD A-9 L RRAHERE
BTVWERLTHB. £hypx, ZOFEERE SK 3 fHd

KEINHBTHITRCESD O LEbh 5. —FHRIE

BT AR F ORI DV T D Laszro DOEEFH*PH>
BEZLL, ENZEHEIORTFRITE T SEOET &
ME—CEER B2 5 2R S. Tihibb, RIS
gHik~DZE iz, ENHERNC X 5B 2V —OEng
BT S LrLIoEXE, Mt —25734
FEORIEROENIC L 2L OMEIBLETH 5.

I RAL OB 2 B0 EEREREOERk I E#E
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THot. FhT 5% HNO;-7 U 2 — VT AL
L, FIWTRICB ED X SRt Tch o e X
FREIFTIC X DT L7z, £ ORI S T UgHkD v
THhHORIEME LR CEEFHEZRL, Fe;C EERH®
E—FL T Wiz, TN BRIz LD, ENFTIR
WETEHELT 28103 FeC DN RE &
S INETCIEALATWSRILME KL TE FeG
R OBENARTH LW ZEEEIPSEETTIE FeG
MEELD I EECIHT 2OTR AvrE Zxbh
5.

=
3. pO=] . 6

(1)

(1) WEOHFREETESNA MR KK LT, E
BRBMTIebN - ENFETE LN MM, K&t
BERD LN D7z, MHEIEETOBRE LR, E
NI X BDIKEER DL LI D & S EEHBRD S &t
KA F4 MIEDLENT, ZRIC DT “columnar’
NAFA bBH DL “aggregate” HEIASIRD SN

(2) “columnar” X4 +4 [H5 “aggregate” H%%
T 20V, ENH#EM FHMDOFESIVBEL
A X VR AE@ES D 2 EBREN.

(3)
ZibT%. 29kbar CTRHIRKDBDVIEF — 2 FF4 M
BICHTH LIk Cd 53, 38°5 kbar Tlxglikicin 5.

(4) S-RFELE LEAMOENT Ik 1T 5L
IARERVE T EUE & DI ICEN, 2 20ROV ET
REEDHE LFRICERMOIEOINL I ENS.

(5) FEH% 29kbar s 5 38-5kbar o iéhnL /-4
AT OENBESE, WREELEETHD,
RETIE ZOMECID HIEERED ENNEDLN
iz.
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