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Fig. 1. Ultrahigh carbon (UHCQC) steels are defined

in this paper as steels containing 1 to 2.1
%C as shown in the above iron-carbon
phase diagram. Cast irons contain carbon
in excess of the solubility limit of carbon
in austenite (>2.195C) and high carbon
steels generally contain 0.6 to 1.094,C.

* i 53 £ 10 ARSHBEREST ST o/ IHE

#% Prof. Department of Materials Science and Engineering, Stanford University,

California 94305)

(Stanford,

ok EE TR RPEE L¥PI%EA T (Research Laboratory of Precision Machinery and Electronics,
Tokyo Institute of Technology, Nagatsuta-cho midori-ku Yokohama 227)

— 114 —




XBBEZDORE< AT AR 283

Photo. 1. Damascus swords used by the Russians
in the War of 1612, Such swords were
often of carbon content in the range of 1.5
2,C and were extensively mechanical work-
ed prior to heat treatmentl®),
[Swords are displayed in the Armoury
Museum in Moscow.]
(Photo by courtesy of Artia Publishing
Company.)
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K= Ah AMOBELERE LRSI L B HADE T o8
RRELMEROBMSEC ST EMT L. Y
BRE LoD HHEOELIY, HHERERTRERC
K& iefhy (400% LI E) ZandiE, /o biBitk
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F L. REZRCALOWREZE LT, BEkIERT L
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Soft_iron

Tool steel
(Uwagane)

Uwagane
(Ultra high carbon steel)

Fig. 2. Japanese blacksmiths of ancient times made
laminated tools by solid stage bonding ul-
tahigh carbon (UHC) steels, known as
“uwagane” to soft iron. After hot forging,
the laminated tool was heat-treated to yield
a hard cutting edge (adapted from E. C.
BaInid),
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Fig. 3. The above Fe-C phase diagram illustrates

the range of composition and temperature
where UHC steels can be superplastic if
they are made sufficiently fine grained.
A high carbon content is needed in order
to introduce a large volume fraction of ce-
mentite particles for stabilization of the fine
ferrite grains.

BEIXE0b, BENA—ATFA b+E2 VR
HERETT5 F CEEMCM I RT3 2ok
B X2oT, £4—AF 51 P O#EME, 7714 v
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FERHER E oDt —ATFFA MET7 =254 b ewr v
ALV ERLET. (BRI AA-51 PR HBRLET
A, AL (divorced eutectoid) EIEIER A FHENC
bz tdbdoETW) IbEMI*FHmTsrz sz
CXoT, R LIS —F 4 FFORRE 2 v &1 Mk

Photo. 2.
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Fig. 4. The above photograph illustrates a sample
of a fine grained UHC steel (1.69,C)
deformed superplastically at 650°C. The
initial engineering strain rate was 19,/ min.

BEZT, b i - HRRIELET. 650
°C kit 2 RN T HEOMMIEEY S bifeE T3
DEHHHTT. MLOLFTMLABIEA—ATFA b
BELIOA—AFFA b+r2vas MECTLOIBET
T (v = VEECBEDOERE L4715 1t ¥7)
Z72F4 bt AVEAL PRTOMTOBRLEEEDE
whz2 ¥3. 650°C BT AEREMT TR Lr—ED
RARTNN LT OI~10% ODETETCEELZTLV, K24
_arsmm@m%kﬁV§? & D ¥ ¥ o UHC 84
g BRI T AN 27 UHC $Ho e Bam s s
Hmm2kmbi?.%mﬁ%m7z74b+ﬂx/ﬂ
4+ OEBEFCTAIN £ 2 v &1 FHFIH LICIREET
. Chic® - BRI XNz 5 &, B~y Uiy
TIza VA RADEAVEAL VT EHEMA 7 =54
MERBRL (1 g mB DX ERETT) 2 B A ALY i
M Lo 9. ZhiEREBEE BT, 8k
Rtk AR o Th B E v T, 1.6
%C g% 650°C T 1% /min OFEECEERER L
#EBEY Fig. 4 wRLET. COMIECER -5

(a) Reveals coarse proeutectoid cementite particles in a matrix of ferrite and
cementite in the as-cast state.

(b) Reveals fine equixed structure of ferrite grains containing submicron ce-
mentite particles after hot and warm working.
Optical photomicrographs of a 1.99,C steel.
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Photo. 3(a) The microstructure of the steel in the as hot-and-warm rolled condition,
revealing a submicron ferrite grain size with fine cementite particles and

a high dislocation density within the ferrite grains
(b) The microstructure of after 1009, superplastic deformation at 650°C at

19/ min strain rate.

Dislocation—free microstructure in noted with

some ferrite grain growth occurring as a result of concurrent straining.
Transmission electron micrographs of hot and warm worked 1.99C steel.
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s ¥ ¥ TR, BoiEAERNT =T b
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20min OBILIEE Licd L OSI-ElfE% Fig. 5
R LES. B EEMMT L UHC  SBERIGT
1400 MPa, {08 4 %, 75 U, B Ue b OITEEALAE,
A Ut dbic RIS 1000 MPa 1K T3 505, f#
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4001 1 { L t L 1 1 60
0 0.05 0.1 0.15 0.2

True plastic strain, e

Fig. 5. Sample A was warm-worked extensively at
565°C. with no annealing after warm work-
ing.

Sample B was annealed for 20 min at 650
°G after warm working at 565°C.

True stress-true strain curves for a 1.39%C
steel at room temperature.
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HLTEDFT. A H723°C) 0 Loz L& X,
W7 = 54 M AERBULRL O BRI A — AT F 4+
WERRLET. el DIEMMTe Y = 541 M REER B
B BB IBDOERBIN I SABD, Lnbit—
AT FA + ORERMEERAHIEL, RET 5 REER
L4 (1.6%C #Ti3H 10vol% Rty MEEfET
HIHLTT. ZhXBEARTIE <7 via it
—AT A PRRAEREL TRE L0 T, B~
AT VAL PR IR R ¥F. OB
kbl 5 A {LoBEREY Phoo. 4 WRLET. BB
ANREE TR FEMEEN I Y R bhicnwo
T, TOEEDFHBIT “quasi-martensite” (B~ T
VYA b)Y EEVTEEE L. BIERFRE AR
LERBORhL DX AT bhi\ R 50 £
BNCHRE S TR D, U h% hardenite L2
TWET, VFEREZ O “quasi-martensite” DA% FHB
BEFHEMEC I OTCHEN, lath <15 vo 1 FOEEFD
Ter 73 72a v g XDy, b K 20% DEBEERED
Bl 0.1pm DITF) twin =aA5 v A B
BEhHBETHL o ER|ELE LY.
“quasi-martensite” DJEfEIC L DM E L - D

HEAT TREATMENT OF
ULTRA-HIGH CARBON STEEL

(1.6 %C)

CEMENTITE IN AUSTENITE

AS ROLLED
Re =37, Oy = 150 ksi

CEMENTITE IN FERRITE

DO E L SELTWES. Fig. 6 wRLAELS
ww, BEANT: UHCHOEMC X 5I5-Blf I h
¥ 2300 MPa 1w@E4 55T, BRIz LTk 38
Ao D%, MITWELEZ RUKLHEDS BE 73 F T
CHEY 10% wELET. 0L Eo FEEXIT Er
4300MPa b L ET. COFEEBRIIL v IAT v
=L O EFABETT. LHLEFEL TR
X DIL, BV IZAT VI =L Vg & A S s
RO LT, UHC iz 1% & Tio
10% DWMWEMIAGElc s & CF. 2 o -8k L 5
WIEX  (Re=68) % ifdafi z 7ok MR & LT
DEE T T CFHFOTHE vz T

5. BEMERS L UHC @EaH

B RENTe X ofEbhi, BEML7 =51 v 5
kg &2 UHC L, BB O RS ifh i
ROEENENZ LD, HlHEBaWBESY R LET.
Bz 7 = 54 FRFCRT S8R F o e ikt 650
°C BT, 72914 ~b ) o7 ADZRID L
100 Ffzd B30, =0k 5 I mBFoOBE) Lo
TVEBODDHZ LD, UHC iz A, SLLTOREME

(schematic)
QUENCHED
R¢=68, 05 =600ksi

CEMENTITE IN QUASI-MARTENSITE

Photo. 4. A partially schematic diagram illustrating the expected transformation from fine
ferrite grains to fine austenite grains when heating a UHG steel to just above the
critical temperature (727°C). Upon water quenching, optically unresolvable
martensite is obtained. Transmission electron microscopy has revealed the pre-
sence of submicron lath and twin martensites?.
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& 200- s
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100+ 1.3%C steel quenched
from 750°C

N
True strain, e

Fig. 6. Room temperature compression stress-strain
ourve of a fine grained 1.39,C steel heat
treated to 750°C and water quenched.
A high compression ductility is obtained (~
1095) with high compression fracture
strength (~4 300MPa).

FEx> & L7, Photo. 5 3% UHC§f%n 70 MPa
THLEZITC, 650°C T2 hmB s ZcEbhicd
DT, BECES LICREEZRL ¥, BHEIED
LR ARG LET D ER L, RERORS,
BIAVE Bz e ote L ic Lo TH Uie b ¢ 3 .Photo.5
DOIREEER ST 70 MPa ©H LED % 5N R igic
PIEL Tl X E L. ThaEKFT 650°C iwins L
TEAEEAT 20T, REEVERE CESCE
HGLTLES>DIR XX BRI LD EELTED
F3. ERBEFTEAE TR TR T EDRASL
nELTIEAL, FEAEY HECLT, AEREORETR
PR THENTE LD TT. TulfAEE 650
°Ctr—AEEr X>T UHC f@iiRxEATAZ LT
BIILTWES. CoLEEERE COBRSHKT %
BEAL BB D Te T A7, WMEXEELTEEE L
7229, '
ZORTha b, FETEEM o UHC 8 & BB xR
X7V E % 723°C DITORE CEMEES TE Wi
HomEELFE L. BREANRS L, BEAEmLYESRT
THERM LB OE, oAk 5B T
UHC $f ksl (1005) #xHicEheE 70 MPa o

Photo. 5. The above photomicrograph illustrates that superplastic UHG steel plates (1.39,C)
can be readily solid state diffusion bonded in air -at relatively low temperature
(0.51 Tp) and low pressure (69MPa). A line of demarcation can be seen at the
bond interface because the cementite particles and ferrite grains are flattened at
the interface, leading to flat ferrite grain and interphase boundaries,
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Photo. 6. (a) A twenty five layer laminated com-
posite of UHC steel-1005 steel is
shown after pressure bonding (69
MPa) at 650°C.

(b) A high magnification optical pho-
tomicrograph of the interface bet-
ween a UHC steel-1005 steel layer,
shown below the laminated compo-
site, indicates that a good metallur-
gical bond is present,

ETcHLED, 650°C Tz Uit it Photo. 6 1=
ARTIOEHRIRELDT L. S oEBEAHOE
BREBERERDOEH% Photo.6 o kL:TFTrtrhFhR
LE¥. #5RBRERNLsELTT. o7 -5
4 R UHCO 7 =54 P EFBBE L2,
R HEBRERRFR— (~0.01%C) <Thbv, Fi
BHRAEBITRE © IWEOEE L 650°C Tk RS T B>

(D=10-15 cm?/5)20 7=, JWEERFIC L 2 T kg
2 AT TCERA. T/ Photo.6 LFLU & 5 et
HEMIZ e — AV EIEC X 2 HEIC I OTHES = Lvc
xF L.

DEDZDDEE IS Photo.6 OREELSH -
DWTTFETEET. ZoFE—38H I EoEE L
T, HEEAMINERERE cBEMERTE S =L
T. (ChE2ED IS ELbhET. & LB e
3 UHC 23R R E CH & v 38 7 D03, EEM %
BVCSFTWER T 5 & &1, BEEMB3E e S X
NDHZTLELY. LI D> THERK ZMBEES Rl 4
L LDERBIGE LT, BEMAGLE L
DISICHEETZEBbRET) Fo5uBEBRESH
DERHTIXAELEDLVEF L7 = 54 D B
DILDOTWBDT, HEETSZ Lixb o B d o
ETT. BERIBEBMLEIRG BB AT 5 & &2
AR LS Z &CF. BEME A Hod L Eicing
$5&, UHC RO IA—ATFTF A4 bl vag
FOZHCERLE TS, BRMOEWML Y =54 viHD
FE T BEARK Lo UHC #izikfic Lo b &
FEELILEE, vy 77U 68 D=AF V91 b
ish £, TR, BWHOD BN EAM S
DA EREY ET. OF0=20HIi Eo=>0F
BBIE LDz ¢ xR LIz DTF
Photo. 7 1213 UHC $f-8k RSB H 4 600°C 13\ C
T4 ¥ —CHIFERERERLET. £BIE—EH
L, ¥efiibor s, 74 RHIhwZ &nb, 88
MR ER Licb o &2 ¥7.

Photo. 8 i3 UHC -k bR ESRY
TERLL7c% ¥, BULBSTICERBClIF-SeLY R LE
T —FRE LMD OE 2 O RE OWREESR BT b 2
BESETTHWERA. BEACT Y BT cd, HEE
DEIIELBD LR ERA. Zh b UHC
LIRS ORI LR E I A B A ER I h v B o &
LT ET

Photo. 7. A zero T bend is readily achieved in an eleven layer laminated composite of a 1.69,C
UHC steel-1005 steel at warm temperature (600°C). The uniform deformation of
each layer, with no evidence of fracture, attests to the possible superplastic nature of
the laminated composite. The thickness of the composite was 2.5 mm.
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1005 - ULTRAHIGH CARBON STEEL (1.3%C) LAMINATE COMPOSITE
NOT HEAT TREATED

Photo. 8. An as warm-pressed two layer laminated composite of a 1.329,C UHC steel-
mild steel in bent at room temperature. Photomicrographs of the interface
at the bent region reveal no sign of delamination attesting to the sound

metallurgical bond in the laminate.

Photo. 9 i3RIz X v {Eo 7 UHC §R L 8kl D #E
EAWROBEEMED X &%, BrEO LW THRE LK
RERLcbo T, ZEh bR D EAIRCITEIRE 2
MEHTOTH Y 3. T 770°C T 20 min ik
L, BARETOLDOTE. =AF Va1 + OWHIT
735 5 I RDLNBET, BETHEHERY HFEL
7z. Photo.9 iR TIEMBERDEHE T2 5 v ZITHPIZR
HONET. BEET—DODI5 ., 7 Ay B8BTS
E, X275 23Oy TBALIEZATIEED
Tk, £775 v 7bEMAFECHEMcr 5 » 7057
DTWEDHREDOLNET. COWMZ 7 » 7iT<1 T
VA P EACBEIRTED, bEo BoREY
770°C TOBIE D L X HEIKERC Lo ThE Ul %
WIKEBATO B &< E LT ERA. EREC
WS 5HA —AT >4 b RORRDEEARIIHEILE
DOERENS] &> THET. ) T hbofiRix UHC 8
BN T IR B SN2 B 2 L X D, i
DX LHMOHARELE THENL Z LR TLOT
7.
BEAEZEGC LI > THEERSGHE S Z L LWk
TiEhH v ¥¥A. B Fig. 2 T~ X51c, BE

DINEZDFETIELRTEE L. »ah OMEILE
PMETDH 57 A B FoRE CEMEEAMTLS
DIFbbHA, BREOERL A UTOERETL—HD
WY R TI O, BHCHEAIRL LN TE
L EERLTED 3. ChixBifogBy¥e Rt
WHRELZFTHY, ERBRLFETHD 5. Ln
Licib /N7 o7 o o SiaEBit 2000 £ §jcE
BolErR#FEoT ek 5 32, Photo. 10 12 b L
2 OWEWH TRRE IR 400 E£oIHDOIE
(Adze blade) DIFREEY/RLET. REBEOHET
L OO HBIICES L THBZ EXHENTHD,
Lad HEK 58 U7 Sl 2 BD bhiaZ &
b, TORBEOHE A SUTORE CBEIRICD
DEELZLGIET. BERAABEOERENET ML) =2 v
=y X AD XS ENMEEBRTAITEYE R IKENR
K EMT LD, Bkl Ttnsd ol BhhE
3. Adze blade L fLEDEO7 UHC HEAEM %R U
f%3 T Photo. 10 /R LTHH T4, MEIEL L
(RS 5

BAICH ¥ L B WBEER e S Tl V-HhY 5
BELRRY, WoBEEESIIFECERIESS
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Photo. 9. A 1.39,C UHC steel-mild steel composite after “Selective-heat-treatment” (770°C
for 20 min then water quenched) is bent until cracks in the martensite portion of
the composite become visible. The photomicrograph shown to the left illustrates
that the crack in the martensite region is arrested in the mild steel region. No
delamination is noted in the interface region indication that a good metallurgical
bond is present in the laminated composite.

Photo. 10. (a) Adze Blade, Al Mina, Coast of Turkey (About 400B. C. )
(b) UHC steel-mild steel composite, Stanford University, (California (1978))

Photomicrograph of the interface of a laminated Adze Blade (dated 400B. C.)
attests to the metallurgical skill of the blacksmiths of ancient time (left figure).
The bond is compared with the UHC steel-mild steel composite press bonded
at Stanford (right figure).
(The author thanks Dr. Robert Maddin for permission to publish the Adze
blade interface shown above.)
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Photo. 11. Two 4140 steel couplings are joined by
pressure bonding with a 1.69,C UHC
steel at 700°C (Courtesy of E. Slaugh-
ter, Pratt and Whitney Corp, West Palm
Beach, Florida).

Photo. 12. Tensile test samples of 4140 steel solid

state bonded with a 1.69,C UHGC steel.
The two samples on the left are illust-
rated in the as-machined condition,
unetched and etched respectivly. The
sample on the right is shown after test—
ing at room temperature.
The sample failed in a region away from
the welded zone attesting to the sound-
ness of the UHC steel 4 140 steel inter-
face.

BEThHB LV 2 T, Photo. 1l ik 4140 glo—oD

iz R LET. EETD BIEM XY XL 12010,
UHC o #\ A AT 4140 S0 o x4
¥, 650°C CE#I¥ILDL, YEIMTiX v Photo.
12 wn B REABRA 2 Eo B LE L, ZizysimnT
Licz o Th Dy, hlRik=y5vrierp UHC
MO RAPTbND L5 LR THY, HOR
R sl % £ C5EE2 b O °F. BWHir UHC $/ &
4140 $ L DESTSY X ELBROIW BT T A LT
By, BEREBRIELTHLZ LLTFHLTEY ¥
(Z D& EDOBERRIEING 400MPa T L7, )

6. & »

WEDA R V7 5 — FRFETORRICE AT, HAl
LA VERAL IR LT, YT r UL RDT 2T
1 PR RAR B0, BRKEM (UHC ) “BEFE L%
L7z, SR ES 1~2.3% (15~35vol% D 2 v
£ 1R BETL.) REUGEEO REMTT. ohb
UHC #1307 & o8 D 4 o0y LB H
TeERER R L 7.

D o RO RERE C @BEks AL E3.
(5B, 15002 %#z AHOERLES. )

2) WU TEUEE Ui OB oMt =Rc ks
WTHRL, Lavd i EA TWwWET. (1000 MPa o
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