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ABSTRACT

The critical svent of cleavage fracoure at low temperature i considersd ap the most difficul: step in
the process from initiation to prapagstion of a cleavage crack. In chis study, it had been found that
the critical event are different in the notched and precracked apecimens ,even for & C-Mn weld steel,
In the nasched specimens, the critical event are identified as the propgetion of ferrite grain-gized

microcracks into the neighboring matrixes and in the presracked specimens second phase parsicle-
sited microcracks into the neighbaring ferrice grains. The temperature has an influence on eritical
rvent. The reasan of the variation of criteal event can be related to the different sharpness at the Hp

f a notch and & preceack, which can cause differsnt distributions of teisxiality and effective shear
Atress,
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INTRODUCTION

The critical event is considered an the most dillicult step in the process of cleavage fracture from
crack inidation to propagation. What is the eritical =vent in cleavage fracrure far C-Mn ateel has
been srgued bor many years. In 50— 60%s, based an the view of erack initatian resulting from a pile-
up of dislocations (the critical event was considersd ay the propagation of e feccite grain-sized miere
crack into the nrighboring graina, In7o — 80’8, hawewer, sccording to Smith's equation {Simth,
L2866}, it was related to che Propagation of second phase partielesized microcrack into the ferrice
grain. In previcos wecks (Chen et al, 1960a +boc,d andl59813,the suthers have made an decailed in-

vestigation on the critical evenes, [n the present article ,a summary snd a further analysis of thoss re-
sult'are given,

MATERIALS AND EXPERIMENTS

[he materials used were C-Mn steel and C-Mn, Ti-B,and Ti-B-Ni weld metals with compositien
thown in Table 1,

Table 1. Compositiea of C-Mn steel and wild meeals. (wt pet)

Marerials < Mn & 3 P Ti B Mi
C-Muo base nteel 18 1. 49 o, 56 [ LET] = =
C-Mn weld metsls 4,07 1. 24 [ B} a.02 Bl 0. 03 -
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-

Ti-F weld metals . 1-42 48 [ et b.al L . (a4 -

Ti-B-Mi weld metals 4.7 1. &0 3.1% 03 J.o2 0. o 0. 003 o &
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The standard Charpy specimens with root radiusp =0. 25mm were used (Chen et al. ,1988) . Three
types of deep notched specimens for 4 point bending (4PB)tests, i.e. , single notch (Griffith et al. ,
1971;Chen et al. 1990b, p=0. 25mm), double notches (Chen et al. , 1991 »=0. 25mm) and single
notch with different root radii (p=0. 05, 0. 075, 0. 15, 0. 25, and 0. 35mm) were adopted. Pre-
cracked specimens for three point bending tests (COD) were used also.

The Charpy impact tests were made at —45C and —60C at a hammer speed of 5m/sec. Most of
4PB tests were carried out at —196°C and a part at—150'C. The COD tests were made at —70TC,
—110C and —196C and some of the COD specimens were unloaded at 95%fracture load. The
cross-head speed of testing machine in both 4PB and COD tests was 1mm/min.

Several metallographic sections as shown in Fig. la were sampled at a 4PB or a COD specimen to
observe the remaining cleavage microcracks which were initiated but were shorter than critical
length for unstable cleavage and remained in the specimens. Especially the remaining crack below
the survived notch in the fractured double notches 4PB specimens and in the COD specimens unload-
ed prior to fracture were observed carefully . The microstructural units limiting the maximum length
of remaining crack were defined as microstructural domain of critcal event. The sizes of ferrite grains
of the zone in which the cleavage crack initiated was measured by a special metallographic section ,
as shown in Fig. 1b. The relationships between the size of these grains or the maximum length of
remaining crack and macro-machanical properties were used to reveal the critical event . The frac-
ture surfaces were observed in detail using a scanning electron microscope (SEM )and the size of sec-
ond phase particles initiating the cleavage crack and the size of the cleavage facets were measured to
give a supplement for determining the critical event . The local cleavage fracture stress gy can be e-

valuated with Charpy , 4PB and COD testing. The detailed methods were described in References
(Chen et al. ,1990a and c).

crack erigin

Fig.1 Metallographic sections for examining ; (a) remaining cracks,
and (b) microstructure where cleavage crack initiated.

EXPERIMENTAL RESULTS

The ferrite grain-sized remaining cracks were found in fractured Charpy specimens at —45°C and —
60°C ,as shown in Fig. 2a and the similar cracks were observed below the tip of survived notch in the
double notched 4PB specimens at —150C also(Fig. 2b)

Furtherly, as shown in Fig. 3 the ferrite grain-sized cracks were observed in fractured 4PB speci-
mens with different notch root radii.

In the COD specimens unloaded under 95% fracture load at —110C, only the second phase-sized

remaining cracks were observed,as shown in Fig. 4. In the COD specimens unloaded at —70°C, as
the crack tip opening (&) was small(<20pm) ,only the second phase-sized cracks were observed
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(a)

(b)

I'ig. 2 Ferrite grain-sized cracks remaining in; (a) Charpy specimen at—60C ,
and (b) double notched 4PB at —150C.

(a)
I'ig. 3 Ferrite grain-sized remaining cracks in 4PB specimens with notch root radii;
(a) p =0.075mm,and (b) p=0.25mm.

'ig. 5a). But ferrite grain-sized cracks
uld be found when the & was wider ( 8=
“wm, Fig. 5b).

he atatiatical distribution of size of the re-
sawing cracks in Charpy specimens at —
71U and ~60C and COD specimens at —
110t are indicated in Fig. 6.

\s shown in Fig. 7a and 7b, in Charpy
pecimens, there were apparent relationship
ltween the Charpy absorbed energy and
oth the size of ferrite grains in the region
{ cleavage initiation (Fig. 7a) and the max-
mum length of remaining cracks (Fig. 7b).
\dditionally, in Fig. 8, the size of facets
round the second- phase particle initiating
he cleavage crack are related to the cleavage
racture atress o, measured in 4PB specimens.
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(b)

Fig. 4 Second phase-sized remain-
ing crackin COD specimen
at —110C




1 Table 2. o, measured in diffezent apecimens
Materials temperature (1) Apecimens ap{MFa)
— 45 Charpy 1usd
C-Mn base ares] —140 iFB 1453
—11a oD 287
—AS Cherpy 1726
C-Mn weld metala — 143 iFH 1742
—108 COn 2382
iR Charpy 1E4D
y N L (b) Ti-B weld metals ~ 143 PR 1808
Fig. 5 Remuining cracks observed in COD specimens unlosded at —707, —110 O 2440
(a) 520nm, and (b} 3= RSum.
E e ] L}
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HIEN BE mrrstiack | Tirw 4F wizroouscn, wa i a : d
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(a) (b i
Fig. 6 Size distribution af remsining microoracks ing (a) notehed specimens , {al) Ch)
and (b} COD specimens. Fig. § Sise distribution of second-phase particles initiating the cleavage fracture,
lal in 4FB specimens, and (b} in COD specimens.
DISCUSSION
f tineal Event is Changable. Based on abeve resalts, it is obvigus that the critical svent were differ
#t i noichwd and precracked specimens. Tn other words, the sharpress of notch root has an influ-
. | we o the critical event for the same material.
\H 1 Yo omlicatesd in Fig. 2and Fig. 3in the 4P specimens with different root cadii at differen: tempera-
D re— to s i Ubapy specimens , the ferrite grain-sized cracks arrested in ferrite graina boundaries were
' T -uu:-. ; wom P Bk = I::m [ tesrwed. This fact revealed that the ferrite boundaries were main ohatacke for unsmble cleavage
i ; ropagatinn. Therefore. the critical event here was considersd ns the propagaticn of a jusc-being
fa) th3 med [errite grain erack into nsighbering ferrite grains. A supplement svidence of abave explana-
Fig. 7 Variation of vE—60C with (a) size of ferrite grains in the region of #can bie oheained from the relationsbips between Chapy absorbed energy and bath sies of [ecrite
eleavage initiation, and (b} the maximum lengsh of remaining crack. the regon of cleavage initiation (Fig. 7a) and sise of the maximum remaining crack (Fig. 7h). Tn
PIhteavngaan che size af cleavage (acet was bess than 40y (ot has n definite relation with o, (Fig.
The cleavage fracture stress measursd e | ] 1 ! s 1hin may be considered a8 asnather evidence. On the other hand . a5 the facet was more than
in notched and precracked specimens g | ] #um sihe seatter of o increased. It implied that the cleavage facer larger than 40um may be a re-
are ahown in Table 2. el e i ol unsrable cleavage propagation,
$rea0 ey
The atatizical distribution of the size ,; | i n L4} apecimens unloaded st —1100C ,enly the second phase-sited cracks were abserved, It im
of second- phase particles which initi- b’ ¥ __/"" = : s that the boundaries between [errite and second phase is the main obatacls for cleavage porpnga-
ated the cleavage cracks are plotred in o | =l I 4 in preeracked specimens. Therefore the eritical event is the propagation of second phase pari-
Fig. Sa and Gh, e to wised crack into the neighboring ferrite grains, and it ia consiscent with some investigaticns car-
(=7 A ety i el ot recentlyHahn, 1582).
R oo Bnmn g
i t the UIID specimens unloaded st —70°C, as the ecack tip opening was larger (65um . the lerrite
Fig. 8 Relationship beiween size stain sised remaining cracks were found. Tt is indicated Furtherly that the sharpness of notch roat is
of the facers and o,




the main factor to influence criti

€ cal event. In addition i i
critical event o1er » the testing temperature has an effact on the

No remaining cracks were found in COD spesimens fractured or unloaded at —196°C. It reasonable

to assume that the cleava initiati
g¢ may be a crack initiation controlled pr i i
: process in precracked specimens at

X::}::;)l: t:fc:/ in Notched and Precracked Specimens. As indicated in Table 2, the o, measured in
v i‘:x t;:;n n;e ;bout 600~8001\tﬂ.’a lower than that in precracked specimen, and it can be un-
o oo s of the decrease of critical le.ng-th of remaining crack from 30~40um to 8um (Fig.

ou’s work (Hou et al. 1985) the variation of o, measured in notched and precracked speci-

S ;
::::;s;,r:lilj:le; p.:imcles as a crack nucleus is samller. If this view is right, the size of crack-initi-
o o e ahea { of a precrack woulfl be smaller. than that ahead of a notch. But this was not the

> 88 shown in Fig. 9, no marked difference exists in the particles size distribution for two cas-
he reason of the variation of 97in notched and precracked specimens can be attribut-

ed to the variation of critical event (Fig. 6) instead of statistical effect induced by different high

stress volumes.

fve::ton of b\:“i“io,“ of .Critical Event in Notched and Precracked Specimen. The variation of critical
g cal}l) explained in ter.ms of the stress state ahead a precrack and a notch. As shown in Fig.

’ tn:z (Stroh,1957) considered that the normal stress at a distance r ahead of a pile-
cations induced by a effective shear stress o.could be expressed by ;

o, =0,(L/r)"* « f£(§)
where the dislocations occu i i i -
. Py a length L in the slip plane and f(0) is a angle i

. can be obtained at the plane which inclined 70. 5°o the slip plane. rele foctor The maximum

N I
A
%&’ d?

le J

up of dislo-

( a). notched specimen,low ¢/s,.  (b) precracked specimen, high a/0,.
Fig. 10 A proposed physical model for the variation of critical event.

}:x;lug-. 10a, Suppoaing tl?e thickness of second phase, i.e., C is equal to the r. In the event of
bound.gr a bseetcond phase-sized crack l.nduced by pile-up of dislocations, the normal stress, at the
y ween the crack and ferrite grain, is the sum of applied normal spress o and the addi-

tional stress g, expressed in E i i
a uation 1. i
e b q n 1. Usually as the C is very small, the o, may play a important

In ; e
notched specimens, there are a lower triaxiality (i. e. ,a lower ¢ ) but a higher effective shear

:;::;8 ,f, i::-), :;:I::,W a notch root. The combination of 4 and o, may enable the second phase particle-

T th o decrepr::aiatc acro.ss t'he bou?dary and into neighboring ferrite grains. From Equation

o ;"e“cd :: . sb:lrply Vl.lth increasing the le{ngth of micro-crack. As a result, the microcrack

g . the unc!arles of ferrite due to insufficent applied normal stress. Therefore, the
al event is the propagation across the boundaries between ferrite grains.

Otherwise, there are a higher triaxility,i. e. , a higher ratio between ¢ and g, in precracked speci-
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men. When the second phase particle-sized microcrack propagate into ferrite due to the combination
{ o and o, the o is high enough to make a unstable propagation for the growing microcrack. Hence,
it 1n impossible to find a ferite grain-sized crack. The critical event is considered as the crack propa-
xation across the boundaries between second phase and ferrite grains.

llecause the surface energy in a grain is much less than that in grain boundary, once a microcrack

ut through a boundary, it will propagate through whole grain. As a result, the change of the
length of remaining crack is usually not continuous and it is in step with the size of second phase or
iernte. For example, in this study, the critical length steps from about 8um in precracked specimen
1o 20~30um in notched specimens.

With decreasing temperature, the dislocation friction stress g, is increased and therefore effective
shear stress is correspondingly decreased even in a state of constant triaxiality of stress state.
I'hus, the critical length of remaining crack is decreased.

At very low temperature, as a microcrack is initiated, the normal stress is high enough to make it
propagating unstably and the cleavage may be initiation controlled instead of propagation con-
trolled.

CONCLUSIONS

I'he critical event is changable from a notched to a precracked specimens for the same material and it
s ferrite grain-sized microcrack propagating into neighboring grains for the notched specimens and
second phase-sized microcrack into neighboring ferrite grains for the precracked specimens.

I'he variation of o, measured in notched and precracked specimens can be explained in terms of the
{iiferent critical event of cleavage instead of the probabilistic effect of high stress volume.

I'he reason of variation of critical event in notched and precracked specimens may be attributed to
the different sharpness at a notch root, which cause the variation of triaxiality and effective shear
stress distribution below the notch.
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