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Study of Brittle Fracture Surfaces at Low-Temperature in Relation to
Microstructures of Low Carbon Steels

Synopsis:

Fukunaga TERASAKI and Hiroo OHTANI

The brittle fracture surfaces of the ferrite—pearlite and the martensite structure in low carbon steels were

investigated with a scanning electron microscope. The direct correspondence between the fracture surface

and the microstructure was made, and the dependence of the fracture mode on grain size was studied from
the view point of the crystallographic orientation relationship.

The fracture surface prepared by the Charpy impact test revealed the discontinous fracture process; it
consisted of the repetition of nucleation and propagation of the microcrack, and the cleavage plane was
determined as {100} by the orientation measurements of the facet pit and the fracture surface. These
microcrack propagation units could be considered as the fracture facets and those in ferrite-pearlite

structure were composed of some adjacent grains in which the crystallographic orientation differences about

fracture surface {100} were very small. The fracture facet was generally larger than the ferrite grain size,
but it did not correspond to the austenite grain directly.

The martensite structure, both as quenched and tempered, had the domains in which the crystallographic

orientation of laths was uniform and the crack also nucleated and propagated in {100}.
(Received Apr. 10, 1971)
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MaTsupa 510 D& T, WEEFADO LT ¥4 b
HBOBAITE, 27T 34 I AR DhEDT
KRN O/ E R L, COEMOARE X L
HEETHEDON LR OIEE 1 4§ (heavy tear line) o
EHEBANIE LTWE &AL, ThbDoRkEx%
7 =74 PRICHLU-BERNTHD LHELTEH

D, ¥BEDZ 7ty FE Y FOLT ) ML
P TIImEEE {100} & Bbh s o & &R LA

DX STy 4 MBOBEORESSITD
W IERER A R I v, ISR o RS o E F5E
WMEHETHLT LLEMTARL, 754 MABGER
U {100} moorEasic {110}, {112}, {123} /& &&ikicdh
7ed T LBmEINTWBEID,

A TIE Z O ERESBREENIC D\ CHETE & B - OE
e SWEOEEC S>WTEE LTREHREOE S,
LIFEL, 7 =74 MIBOHE T LTHE LS
R o>wWTikET 5.

2. #EHMERBAE

21 g
Mt o L% Table | iR, 7 =54 h-s¢

~ 74 MEBEE Lo, HEMA R VBB
900°Cx L hr AC 3 X~ 1200°Cx | hr FC oBE#ERFT
Lot =T oH A4 BT OWTIE, et B 2
v 1200°C % 10 min WQ 35 & 0f 1200°CX 10 min WQ
+630°Cx 1 hr AC DEEAR X OEANEED & LAESY
fIle2/z. Zho 3BOURM OB FEIAMETE
% Photo. | R+

2-2 HEAH*

AT, &L TRIBEEEEOMELBWE LT
WEDT, V—H v MK, HLLIRBEFEO 2mmV {]
RaeftLicy v v ©—HERBRH 2 HV, —196°C R
Wi Lab7celbi 2 Bigs it Ure.

W & AR D EEIC R RS o0, WEE Ni oo o
¥ L7cDb, BEEDOETHRNCEST TR TE R 5
AR U L, BIEEOH 7 » v b€y MK
TEEZITR, T v ¥BaaL, Mk wE
EDMEE BE L. FEER c 2w T BeARET L
A, Ni x v BT %R 5%CrO, JkisHrhic 30 FH2
FERET D HEON L, Fh7 sty by FHES
HiElE Taoxa LW ORAWARHETOHOED IFEoOREIC
BREET I > TELRS.

Table 1. Chemical composition of steels used.

Steel | C | Si | Mn P s | cu | ni | o ‘ Mo | Vi ’ Sol. Al
A 0-15 | 0-33 0°30 0-020 | 0-018 tr. tr. tr. tr. tr. tr. 0-024
B |012|0:34| 070 | 0°020| 0028| 029 | 079 | 040 | 046 | 0:06 | 0-003 | 0-045

steel B steel B
1200°CX 10 min WQ

1200°Cx 10 min WQ

%500 (3/4)

steel A
900°Cx lLhr AC

650°Cx 1 hr AC
Photo. 1. Optical microstructures of materials used.
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A : 15 cc Hy05-2 cc HCI-100-cc’H,O
B : 1 cc HC1-10cc-FeCly-6 H,O EaFn/KiE -

' 100 cc H,O
C : 50 cc C;H;OH-50 cc CH;COOH 3% L <&
“5 H.-COOH

Bonit772y FEy X Fig. 1 KfIFRT5T4L<
E& L {110} FAr S|k b, AEE (100} mTHs.
b NEFIB L TRAAFNEZEET DI ENRTEDD, AR
CREAEMEYRVTINSD T sy bE vy FOW
O fEEHME BIE L. BECET % #BEids~T

]
g JSM-2 #FEETFFIRMEBIC L > TR 27
) 3. R BR B B Fig. 1. Schematic illustration of a facet pit observed
\z‘i 3.1 TrS54 b (£/8—54 b) Ak in the direction parallel to [001] axis.
) . T 7 — 7
T =94 b+8—F 4 PEBOHBED 2mm V)R v $EmyE % Photo. 2 1Z7RT. Photo. 2 |3 —-196°Ciz ¥
; YV E—BEICOWTOBREFASEEOEETFHRM  THWEREL LT, 2F0FERELRLTWD. T4b
V-notch Front
’/1}
7‘\,
3

4
3
y i e S ; i 3 By

Photo. 2. Fractograph of ferrite-pearlite structure broken at —196°C.
Fracture initiates at the neighbourhood of A~B and the
continuous lines indicate microfracture units.
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LEBHEEORAI v 7 o it BRRAER O AGEL
TR ETRY, HExD ) /N— - & — L DEFHED» S
T T TR ED 5 0°15~0°20 mm BEEASRIC A >
AR (A~B) OR AL LTWEH Z &, EERHE (D)
DN HEEL, ZHIEUIRED R Tl L FEEREEN
HIZAFEL, TOEETIERBHOBENAEI VW &, X
LICHHEIISEOMMBRE» LK D, BEOEBIXME
BRORELE, EBEOHRVELTELTWS. o LA
AR R R IR & B T BAL & WG (D — )% Photo.
ZHRIZEBTTRLTHEH), HBEMELITE —>DM
BT S 2 & %0 & ORI HEAL & VBRI B 5
TV okcAFEIEL, HoORmBEAOMMBETEI Lo
THETH2IDEFEZ BN 5. Photo, 2 1m BT IEHHIT
INOOBWHBMEROTNI DD, XS KELHE
BRFOTEGERTH 553, WHIEED LS iRt
FORACTHIERBIBEREIN S X 55D, o
HEFNOKEIVX Photo. 2 DEICALRS T L, &
AfIRRED LD B DB —AFICITEERIL L D bAE .
TR BHER SR & OfE &G ALOMLEDS {100} HizB L
TINE Wb EEZLLNS.

Photo. 3 /34 & WM & A EENS S TRE LLE
ETH5. Tibb Fig. 2 R+ Z:< M—1{@fF% 3
FrX 0% L, Photo. 3 ® FERIIREEIC (T ITEE HHE)

Cleavage fracture surface (F?
Nucteus of microcrack

Fracture facet

45° direction @

(FM) ’
Cfoc/(
. Pr
Facet pit Op,
cet p 0907/0

Ferrite grain boundary
Austenite grain boundary

Y
i
i
!

Fig. 2. Schematic illustration of observation of direct
correspondence between microstructure and
fracture surface. F. FM, and M in following
photographs correspond to the observation
direction illustrated here.

pLOMEEE (HE) THH, FTERREECSIEEECHE
BoET AW @B I |E L 5 S OHEE L
feb o GEEME) Th5. hEEmE oEBGREYRT
7o DICHE 45° oA ms» HLIRE (45° Hm) Li-do
TH5. AT () RoRBCKT5* Photo. 3 @
M7 72> b€y b, BR, °— 354 M

* UM Fig. 2 WRT & S, BRE, WG+ EERE (45° ),
HMETH2. thezisDiso F, MF, M & LTRT.

« Direction of crack propagation

X800 (4/7)

Photo. 3. Direct correspondence between fracture surface and microstructure. (ferrite-pearlite)
A~F indicate the grain boundaries and the dotted lines indicate microfracture

units. (P : pearlite)
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(b)

X800 (4/5) X 2400 (4/5)
a) A indicates sharp step in a grain.
(steel A, 1200°Cx1hr FC)
b) B and C sjsdicate grain boundaries.
(steel A, 900°Cx1hr AQ)

e
Photo. 4. Direct correspondence between fracture surface and
microstructure. (ferrite-pearlite)

XBUW (5/6)
Photo. 5. Direct correspondence between fracture surface and
microstructure. (ferrite-pearlite)

ENREEIND. 772y by MRLEBERTLHEAE 57T, £/ F,C T/ — 34 FTHDR, ZOE
MEFHACTHEORKSAMNZEE LA, WEE EOfSRTRIAELMIRROT[RERHE IR V.
FTT {100} WTHok. WRICHICT HAEBEIRA~T INLOEPLFEHBEAEE XL ChBERTBEHRTRL
TRENRTWEY, A, ETRitii@RoFEEREC T o
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(a): as fractured
(b):

A : ferrite

B : pearlite

%1800 (5/6)

facet pits presented on the same area.

Photo. 6. Facet pits on the fracture surface of ferrite-pearlite structure.

Photo. 4 (a) \IAIELIE & 45° FHRIDOREERT o
BITH D, FNICED SISV ER AR REEDETATE
THEC/DDOTHD, WHICTRINHEBIERAD LL
FHRR CX 50T RBEO REGEER ko> Twi
V. ZOGE O R KM TR Y. Photo. 4 (b)
VIEETE LSO CE TR Lcb D THEA B, C iRt
R, BIENRICHIGELTWS XS5 THSA, BN
DEPLERERTHCENAMEE EBEXELDEEZ
Hivs. Photo. 4 VIR HALE L CETARIA Y X 5 7 pl
BEG A, —RRICUE BB WAL HETH S,
Photo. 5 WM & SO EZ XHIC RLA-DDTH
D, DAR/MABRRCHTIET 5D DTHED <) v~
S =L R LTWS. E,F,BRELELFEFETH
LAMBE IR RRBEINT, FRRAOILEDLD
EEZBNRS. ARELERESHEOERTHY, &
FEmEAL & LTk ERTaSh B e LTy
%. Photo. 6 i IRMmD 7 72 v b v NEETHH, fH
Moemsho iR {100} micc L < /MEBRKIR T
HDHH, BEMD “YN— - 2= B LBHLMT
MEOREHEER T DT Wi, 20X 5ic {100} M
2OV THhTrOEMHICE DT WA A I EATE R

DTV, BRADOT L SRETHE ZLERLT
W5,
32 TAFUYA Mak

<WF YA RO OHEENEFEE Photo. 7
. Photo. 7 pBMILHR T L <, WH C RFE

/)

cleovage plone
defermined by gonio-miCroscoR
determined by facet pit

101
©

101

facet pit direction

Fig. 3. Crystallographic orientation of cleavage
plane determined by gonio-microscope in
comparison with that determined by facet
pit measurement.
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« Direction of crack propagation

% 800

Photo. 7. Direct correspondence between fracture surface and martensite structure.

E'~G' show the facet pits of E~G at large magnification.

BEHITCEHDEINT = T4 FRITRT D Y N— - 084 —
DL I EES SR TR, b T = T4
MREORET B & R —OREEZ R LT3, MEET
i, 772y by MIMD XS EHAEE RLTE
D, Pt b 77y by bOKREX ¥y 2p) B
ETeT7rH4 I ARR—ofLAcdb L E
RLTWS. ¥CHIEHGT 50, o772y
Py b2 BT _CH—DOFRACICHD 2R LT
W5, ARTORmHOZELIME ORI OZE(L &3
mL, E,GETo7rty b b B, G RLok
KERD) 13, (FIER—DHRLIT B 0 HRE I FE S AN R

[100];. L FAmENc [010] BRIz RLTWS. Z0Z
EHBHEECIE (010} EThb T &b 50, {HAHE
Mz oRIERE R 2 Fig. 3 ILRT. BlIE SN EORE
BARE ZRNEMITIE 7 72y FE Y b D ZOERD
ERAMEAEL, Th»56E 0N/ (010} médx<
—HLTw5. (Fig. 28H)
DT 4 MERE 7 = 74 MO
BfR T 50 mb L v T34 b flE
Photo. 8, 9 iz7r+. Photo. 8 1 45° F[h) & M DOEE
MISTH B, 7 =74 MRRERABRSHEEEBAS S5
h, A, B,IC,.E X CHEORESESELCLTVS.
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«— Direction of crack propagation

X800 (3/4)

Photo. 8. Direct correspondence between fracture surface and microstructure.

(tempered martensite)

Photo. 1 2253 bnrdb &L, F— AT F 4 MRIIZ100 .
DECTHEEOMIERETH Y, OO L 2R D
KEV. 77ty by MAZE»HAB, BCRIIfHE
AN BECTERE THE {111} (112) GRmIEEHF
w 111y, AB, CDwmELSM (112)) iEv23, &
femEhie {10010y BRra b osx0 B3, A, B
BrAEbLNS. CHRITIIZDOFAHFRL VD, CriEL
LTC~E7Tix (1NKI112) L' igokbFhrzmlL Ty
5. L LEsSSGDR EEHTRTEy NThh b
TE, CEMzbTr»0bhER b2 < Dot
POHERENTED, ABMLELELDH, »wihd
B EEE S 100) #CHAE (001 ~(011) 158
WEEEZ D TWH X 5 TH5. L2 THENICI
F—BA2HRT 50 ELLNS. ZhH5OEES
B H B, Photo. 9 iz fihd—fFl%7~3. Photo. 912
A~CofEigixizig {100}(100> TR—T& 553, B
i {110}<112) iRV ER A & B Fosb Big D 7 BT B AL
EHRLTWS. $DERTIHCICH LIEOKETS
ROZEL»H D, FlZOMIcGTREINS SMAEIC
FEFITTVEED B 5 NIRRT BHOE I FREA 34
CTwizvw. Ao ss» bz, CHs»S5E £ Tof
i {1003<100> »>5 {110}€100y ¥ CEEELTHD, B
W IC EE OGS 1000 1B L TR K E R LR FE
BWZ EEZRLTWS.

U LOBEER» D2V T 34 MUBOBEITD,
5 2 DFEEF RO 7R T, KIRME IR L

River pattern

-] direction of
crack propagaticn

) .
{00 Surface {a)

Grain boundary
L2
/ 2 (b}

e : very small angle

: small angle

SR

Fig. 4. Schematic representation of the changes in
cleavage fracture surface at various kinds of
small angle grain boundaries.
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« Direction of crack propagation

X800 (9/10)

Photo. 9. Direct correspondence between fracture surface and facet pits on
tempered martensite structure.’

T7 =54 M EEBREFEBEZT L, BEERE 0K &
Hhrvx {100} Ex7c LTWwWb Z Eals» el &
NOOEE» LFEHEMEA & L THIEOLT 5 {100} HE
WA AETECHATSHEETLDL LV 2 5.

1. & 5t

4.1 7z54 MEBEOWEEN

7 =54 MUE LRI EALORIGVE, BB —iY
ok & EEERE R & O F RS EEOR AL TH
% {100} MBI L CAMA %L LTWBHEITE, R
DEHRFRO T & K FRTBREBEIEIIREZ i nic
BT, ThERBERRCSETIETg 40T &bDL
%%, hUhERCHEARRO/NMIBKAOEERS LT

FAEOKE T X2 THEORMETZELL, —AC M
EORESTHBH, HBMLERY (a)~(d) KRL
7o FED» LI SOFI XIS S HHE (a) i 3EY) xR Fl
VB 7 57553, Photo. 5 E ERRISR & AT DF
i<, (b) ¥x Photo. 3 A, E, Photo. 5 D 7g &p%
WET 5. (C)of|E LTix Photo. 3 C, Photo, 5 A
730, (d) 1z Photo. 4(b) ®» B,C Rz DEEEX
5h5. TurearoDiY, 7 =54 F+,9— 54 MO
BAVEE OSSR ZBE L T8, BEDOEAT
NR—54 haoo—FR/NBELLTRY, REVDOD
ThRWL 2030 =—%EY>TA— 2754 MRS
ETETEHOLDDLEEFHREL TS, TNHDHEE
By, BERAMOBAEY» SHNEHEORKRSMLTH S
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X80 (3/4)
Photo. 10. An example of fracture surface at
pearlite site in ferrite-pearlite structure.

{100} TB LCAEB AL LTWAESITHYT 5 %
DEFEZLNAERER?» L FHATESL LD L Bbh
5. ,

FEBERTIIELLTTZ = 54 M DOWTHE L
7zhs, 8= T A MERT D — AR RETE O FRFREIELL L T
B0, IThHEOVWTHFIRTHREDFETH S5, ©
ZTV& Photo, 10 jzv¥— 5 4 ERDRKTE O —Hil % 2515 5
e EDD. DFI, roa TEECK L TR R
@ {100} 1w B3 % HRREfRIC 2 THEET T 5. ZLhED i
g 5 RIBAtR % Kurdjumow-Sacks BA{RTH 5 L{NE L,
OID) (1114, AIDL[10D),, CID[A2); DEL
DRAF LvAIREREY Fig. 5 CRT. Z0EE, 01,
(A1), ZEETHE QD21 oEsic ClD),|
Clr, @IDG|QID, DBIFEHE S, hix [011],
DEPL YT CID]A2D), »52nFh 60° 10° o
BRI XD TIRB L EPTESL. BT INGDOWGEE
FEHAEFETHOTHER. OlDL] A, RicETs K-
S Variant Oz 6 @& 5. T 620 RiLDNT
{100} E2pHEiO HHiBARE Fig. 6 iRt Thih
#910° BT 6 DDNTRE S v — FIc 33T £ 5. Photo.
3A OE» S 20° SEWAEEL LTWAD T
b 10°EBEDHAAE, F—WmEficsdd b
DEFEZ LD, Tisbb, HHWHICHER LLEHES
DOFROHR, EFEHTHHEEUNOMBO S oohD 1 ok
10° BEOTE/IMEAR THE. T Lig, ftho {110},
{111}y FRiz2>WTEETHIE Fig. 5 winT5&<
I |11, FEBVTHD 2 23 kbb, (10D).]

Fig. 5. Stereographic projection of Kurdjumow-Sacks
relation.

Fig. 6. Sterengraphic projection of {100} cleavage
planes of K-S relation of six variants having

(D[ O1D) 4. L
Variants are defined as follows; 1. [110],][111],,

2. [11017][T11]s, 3. [1011/|[1111,, 4. [I01],]
(1111, 5. [011]1,[[111],, 6. [O11],|[111],
Relative orientations of cube-axes of six variants :
A=-[001],, B=1[010],, C=[100],; (0O11),
projection.

(quoted from the reference 17).

(111)7, (101) o[ (111) 5 ¥ § 2 DEHRIC X 2T (O11) 4]
(A1D)y R—HTEHHE2-FNLTNH2O8. LichD
THAF 24 {Ho K-S Variant @, 6 DXL IE
NMEARIZ L 50T, BEROKITDL LB, F4 A
75 variant % & 51T LT 2~3 {BOfE Sk s u AL
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Photo. 11.

Relation between y and a grains.

%800 (3/5)

Continuous and dotted lines show 7y and a grain boundaries respectively.

FHELTHIVZ ERARS. X5 200 BEETHFEIE
Fl—HmEEAC BT oMo —RERE{kd. ¥
REOBREOAE T THEBACALPRBEDC LIS
ISE LT e W is i & BT o RN B TR LR O
H, BIUZE AW CRREHC IS0 LEbhS.
roa ZRERFORE o« ML OBERE 2Dy K& O
e BB DT ETHER T r LR ERH 7.
SFE 77y FEy MEER TV BCETUED

%, 7 =74 MEBRHESE v R, o HOoxEERD
7z. Photo. 11 RXOMEFETH 0, EfZ r fA,
S a R A R”T. Photo. 1l fd 7 72 FE » b
OFflEERLy Fig. 7Ry, I~ eRmTRics 4
BorERO7 72y PE v MEIEBRIEENT—HL,

CHREEIS D afrix —RCH o, A~H Town T,

Aa B) C: E V/i[ﬁl"@a*ﬁ%ti L/: iﬁ: F,G Viz.@ﬁ
CHEICIEEE Mo {100} mici LT 10° BIA,
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s D» D> SO @ X

A
B
C
D
E
F
G
H

Fig. 7. Crystallographic orientations determined
by facet pits of ferrite grains which are
indicated in Photo 11.

D,H X 20 BEDOXERARLTWS. s
COFERTIE, A, B, CTTREINS akixt LT,
—THRPBER L7 ak G, F e psnsoRicok
TRPLERLZa D, U, V, TxEL bbbk bign
{100} HhizxdoZ &P D, M—rHANX D&KL
Fop RA X DRE—EBEMEZER LT VL Siclbh
D0, FEMEHELIIDERELSKEL DERNBYETDH
5. WK LCOHEmBERS r oA S S LEEMNG
LEWZ LIBAL»THB.
42 AT oY A MES
EBREERTHRALTEL, w744 MAOBEIC
DIFEALET = T4 MR ELRRLEARTHBZL D Z L
R L. wF 94 PO TS S s
FRCHEEh, ERILMORIEDZEL EARE L it
5. Yt A MABOB OB THEMEESATED
—#l|% Photo. 12z 7R7F. Photo. 12 BB L <,
5 2 DRI OB T EF B TII B — DR H R 7T
TRECRH>TVWS. oz ki GEms (110},

{111}; THY, $BFEOAEFVEHILEDOTWE &7
2T WEBE LTW330LELZLNE. AL
O ARITIE, F— BT Z b >R AEGICH 5o
variant TZRE L7 5 AMBENICHETHH0, 208
ARBHAMERER T 20V 6F “yx— - 104
— 2 OREERZL ¢ HBEEL# X b5 . MaTsupa
LIOWQHHEIT A S5 5 HF%h7 “heavy tear line” X L
TA~ATF 4 MR, HRORDR 5 2h B 54K
(bundle) DR L% FFCTWEL, —fpict— 25
TA MRRIEHI O I A S AR LTE
D, KEBREREOIERTROTWS. L LD
W Z S RFEC B 758, LT L honER
HIE Lizd TR, Fhiid BEo EHFT5
{100} W% 75 fEE CHE T B OA E itk > T
WH. ZOXIBRBEOKRE ST OWTIE, MEHBRED
EREBOBEA LG LTRD, 20X 5 hliBgEE
fiR & EMEDBIRIC DV T, X OB OENS 5.
FTRbbESLBECET S “Petch OBR” oW D
TERDMEHE, MPMBHEOK X X LBRE N ORBEKE
HAEBU CHABNEDEENRULNAT WS, ZOEH,
DA LD {100} MZBALE LAkEX BT 5D
DT, EIR=MTF ¥4 MUBOESDBED
R 7 = 54 ML BB 2D EEZ SN, X
LIz ERIRED WM o hE MY O $2Eas < i
D, T EMBE TR

AHTREE UTEBEERDO 7 = 54 F+/¢—54
RRE, =T v A MEBRIC O WTEHS Lichs, RIRT
i, RAF A MR ED TEE LCHEEE O &
LTl e ZE < itk & ORI A i L, E-TREEFHO
RILHERBWOE AL, IREOEKE LT oERER
DRI 2T Z DX S EA» LIARRE T 5 FET
H5b.

5. &

BRFMD 7 = 74 b+/8— 54 MBS XU =L 7
A MR OEIRMEEREE I VT, BEE & Rk 5t
G2 DTSR DR R ER T OMEY = & LTS
FROEE» HFE Lz v v V¥ —HBEEE, FoE
RSHHROEITEZ T LTk 0, HEEREO4RKZIEGHE
DEFELPS RIS TWS. ZofEEs WEEAL &
FTIUE, 7 =54 b+o8— 54 MABE T BEIEAT 1
{100} T fid e B THAE T 5 BEERE SR B DT
B, —RITIZBHEDOT = 54 MESE X KX s,
F—AT T A MR ERERNIGT 5D TR .

2T YA MEBOBA I, BANKK, LI

i
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a : bright field image,

b : dark field image,

(d)

¢ : diffraction pattern,

d : schematic representation of diffraction pattern,

Photo. 12. Electron micrographs of martensite.
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