To the Problem of the Ductile - Cleavage
Transition of Fracture

von D. Aurich

Cottrell has done an important step in direction of solu-
tion of this problem, proposing the known model (1) and

deriving that cleavage occurs, if
Ena=24 {1

where 6 1s the tensile stress, nais the crack opeing dis-
placement, produced by coalesced 8lip dislocations at the
starting point of the crack and ¥ 1s the surface energy.
Replacing m7a by macroscopic quantities Cottrell obtained,
that cleavage fracture appears at the yield stress 6,,1ir

6= =6,y - ’Z;G D™ and therefore Te7, , é+¢,. /2]
6;315 the brittle fracture stress or better the cleavage
fracture stress, 6 is the shear modulus, 4, 1s the Hall-
Peteh constant, and 2 is the grain diameter. The index ?
denotes the state of transition. In this case the transi-
tion is defined by equality of 6, and 6,3 » that means by the
lowest limit of the transition range,where before fracture
only one Lilders band has passed the cross section.
Some results of experimental investigations to test equa-
tion/2] are summarized in £ig.1 (2 to 4). These results

demonstrate, that: X

1. 6}, plotted versus ﬁ-m fits a nearly single straight line
for all the experiments with different steels but the ex-
trapolation of this line towards? = 2 does not provid
6,¢=0 as equation /2] predicts.

2.Within the temperature range concerned the investigated
steels sxhibit 4, -values between 15 to 60 N/mmj/z,
whereas the slope of the 6;, -curve is independent on /ry.

3.The value of the surfade energy ¥, calculated by using ex-
perimental data, is more than one orderof magnitude lar-
ger than the true value of 1.5-103erg/cm%v1.5-10'2:1mN/mm2,
because. it includes the deformation work at the crack tip

So it has been called 1", the effective surface energy.

Supposed that the critical crack length is the grain diameter,ae
could deseribe the experimental results by a Griffith rela-
tionship with ¢=7( ¢ =half the whole crack length) in the
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shape of oY
,y.
6\—7( = 5»;,8 b,,(,,_/uz)p : £3]

ﬁ¢is the Poisson constant, introduced for plane strain,fis
the elasticity modulus.Doing so one gets aj*ﬁepending on
the grain size. In the log-log plot of the74va1ues,calcu-
lated by equaticn[@]from the experimental results, versus?
one gets a slope of 0.5, That means, there should be a re-
lationship ¢ ‘~2"as rig.2 demonstrates.

To find an appropriate relationship analytically,one has to
lookfor a suitable model. For example, a crack is nucleated
at a grain boundary by the Cottrell mechanism. The grain
in which the crack is nucieated may be free of active slip
bands, so that the crack tip cannot be blunted. The ecrack
becomes unstable, if equation {7/ is performed, and now #s
opening displacement ma at the grain boundary, where the
crack has been originated, cannot become larger than the
isurface energy permits. There the displacement for a crack
of the length Zc¢c is given by the dislocation theory of

cracks (5) by about 5
24~ 4" )4g
na = 4.!/—_._5__Lt__ [4]

and so0 many dislocations run into the end of the crack
(Fig. 6 b),

When the unstable propagating crack tip joints the grain
boundary opposite its starting point, it cuts up disloca-
tion pile ups in the neighbouring grain. In this moment
its displacement at the other end,where it has started, is
e 4}/2#(4— 2

S rs]
and the same plastic displacement now suffers the original
crack tip. In the language of crack dislocatiors one would

say, there are so many slip dislocations dragged into the
crack tip as crack dislocations there have been before.

The crack is now blunted at both sides. The blunting is
rather small, for example for a grain size of 0.025 mm
the displacement is about O.?}ﬂm or 7 = 450. What happens
alfterwards depends on the level of the stress produced ex-
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ternally. If the stress is high enough, the crack propagates
over the whole cross section, if it is not so, it blunts
further on.

A blunted crack becomes unstable, if (6)
)/ rE_ 2 : 5
6 6 H1-pi)p a &

where ¢ is the crack tip radius, @ is the lattice spacing
and half the crack length c- 2 regarding the grain size

distribution and the fact, that for cracks of the length
of grain size the fracture stress is lower in the larger
grains than in the grains of medium size. This equation

equals eq. [37, if (6)

L. rn 6 rg [7
r s v fa

when ¥, 3y, where ¥, 1s the plastic part of the effective
surface energy ¥ .

The ecrack tip radius ¢ may be half about the crack opening
displacement at both ends of the crack

l/zw(4~ )y
Y_._%,z —_-—Z‘_/_A—_L, [f]

Replacing ¢ in eq. /6] and /7] by eq./¢] one gets
g

% 3
Ty £ ~ 4
6= 65+ Zé:‘;/—a‘f , foriren = 3402 N/mm” 5]
Fr, . ayad
To=Te }' - (gfaz)r D, for iron - g792 mm /mm® /0]

having used the elastic constants and y = 1,5‘10"3mmN/mm2
for iron. Eq./70] is just the relationship between 7‘End.ﬂ
as it has been found by analysing experimental data in
fig. 2. The straight line in this figure represents eq. /70]
and fits the experimental data rather well.

and

Because slip is a necessary prerequisite to nucleate a
cleavage crack one can write eq.l&/ineluding the yield
eriterion concerned as a condition for ductil-cleavage

transition as defined above:
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where ¥ is a multi-axiality factor of yield stress given by
6, - 6, /6, (5) where 6, is the largest principal stress ad
6,, 1s the stress of the von Mises criterion. Experimental
data from figl including values from noteched specimens (3)
with » = 0.3 are plotted now in fig.3 with respect to the
derived relationship between 6,, = 6,, and 2 in the shape of
6;:' ~ 2" The strainght line again represents eq./9/ and
rits the experimental data quite well too.Egs ./3] and /]
confirm also results from Knott (7) who got almost equal
cleavage fracture stresses for different values of ¥ and
therefore also for different transition temperatures.

Pig.% showes the dependense of 62, from (3) and 6.5 on the
temperature for a steel with a grain size of 0.025 mm.The
dashed lines indicate the transition temperature for diffe-
rent values of ¢ . Because 5’,3 contains only elastic quanti-
ties its temperature dependence is small but since this is
true for 6; near room temperature too, in this range the tran-
sition temperature raises rather sharp depending on x as
fig.5 demonstrates. The transition temperatures forx= 0
and %= 0.3 are just these, which Kochenddrfer and Sehreiner
(3) found.
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