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Hr-10 Cleavage Fracture of Iron Single Crystals
Kazunori Kitajima*
Abstract

Elementary processes in cleavage fracture of iron were investigated on
stngle crystals of very pure, carburized and neutron irradiated iron. The
v1eld stress of very pure iron was estimated to be smaller than 10 Kg/mm2
ven at 4.2°K, mechanism of initiation of crack associated with twin was
ippested to be closely related to that of initial growth of twin, carbides
precipitated inside and at boundary of grain were shown to decrease the
tress of initiation of cracks and play an essential roles in the transition
haracteristics of low carbon steels, and neutron irradiation increased the
1te of work-hardening together with the yield stress.

4 1. Introduction

Iron is a material of much interest as it is a representative one of
wemi-brittle crystals, and has high sensitiveness for impurity contents and
ciat-treatments which involve many technical problems. So many experimental
nvestigations have been accumlated for understanding of mechanisms in brit-
le fracture particularly through studies of elementary processes, but there
till remain a lot of doubts yet to be clarified.

Opinions are divided on the magnitude of lattice resistance of disloca-
'iwn,(1)<2)(3)(4) which play very important role in the mechanism of cleav-
‘w¢. Roles of minor impurities of interstitial elements have not yet been

parated from the characteristics of work-hardening and fracture(3) (4)(5)(s6)
't is known that twinning is closely related to initiation of cleavage in

e iron§T (8 () (10) oy its atomistic mechanism is not yet clear. The
ole of secondary phases is very important in the mechanism of low carbon
teels. (31)(12)

On these themes some efforts were made in this paper. Since the range
I those problems is very wide, we confined our studies mainly to single

vitals, and particular efforts were made SO0 as to separate the roles of im-
irities, particularly of interstitial elements.(ls)

T Specimens and test procedures
The two species of materials were used in our experiments. The one is
pure iron produced in our laboratory, firstly decarburizing carbonyl iron
wiler by annealing in wet hydrogen and then deoxidizing by melting it in
ure hydrogen using pure alumina crucibles.<13) And the other is the zone
I'ted iron produced by zone refining the sintered carbonyl iron rod by 2~9
iasses in pure hydrogen and one pass in vacuum. Purities of these materials
listed in Table 1. Single crystals were produced by recrystallization
‘thod. The zone-melted iron was nitrized by about (0.005% before recrystal-
'ing and denitrized after crystallization to single crystals.() Size of
prcimens were 1% 5 mm cross section and 50 ~30 mm in length. Specimens were
irther decarburized by annealing at 720°C in wet hydrogen for 24 hours to
nnimize carbon content. And some of them were then re-carburized and homog-
nized, and then some were water quenched, and the others cooled slowly in
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furnace. By these treatments carben content of specimens were about 0.02%.
And some of them were neutron irradiated by dose of 7x10%®n/cm® (>1 MeV) in
the reactor KUR in Kyoto University.

Tensile tests were performed using automatic control type testing
machine TOM 5000, speed of cross head were fixed to 0.3 mm/min as a standard
test, and test temperatures were 4.2, 65, 77, 90°K and higher. The strains
were measured by means of wire strain gauge at temperatures higher than 65°K,
and differential transformer at 4.2%. Precisions for measurements of
strains were 107% and 2% 1075 for the strain gauge and the differential
transformer respectively.

§ 3. Results of experiments
1) Tensile tests of pure iron single crystals.

Since our specimens yet contain interstitial impurities of about < 10
ppm which suffice to lock all initial dislocations, we decided to measure
yield and flow stresses at lower temperatures after pre—strainning of 0.1% at
room temperature.'3 By this treatment we intended to produce fresh disloca-
tions free from carbon locking. Fig. 1 shows an example of test at liquid
nitrogen temperature. The yield stress is very low and followed by very
rapid work-hardening and then work-softening at larger strains. When the
pre-strain at room temperature was increased, the yield stresses at 77°k were
unchanged, but the rate of work-hardening decreased rapidly and then satu-
rated to nearly constant value, where the critical value of pre-strain was
about 0.1%. Fig. 2 shows the comparison of the specimens of various orien-
tations on tests at 77°K, where the abscissa is taken to be plastic strain.
Fig. 3 shows the similar tests at liquid helium temperature. Then Fig. 4
shows the comparison of stress-strain curves of crystals of same orientation
at various temperatures. As the temperature is lowered, the rate of harden-
ing, flow stress and also the critical Strain at which work softening com-
mences increase. Fig. 5 shows some examples of the twinning and fracture
Ccharacteristics of pre-strained single crystals. It is noted that twinning
and cleavage fracture stresses are rather similar with those of as annealed
specimens. The zone-melted iron single crystals showed essentially similar
behaviors excepting that the flow stresses were a little lower than those of
iron melted in crucible Fig. 6.

2) Observations of nucleus of crack of pure iron single crystals.

The type of nucleus of crack associated with crossed two twins were re-
ported by Hu11 (7 and Honda'®) on simple tension tests of single crystals,
and we also confirmed similar structures. But we shall report here another
type of nucleus of crack which is frequently observed in notched single
crystals. And it has interesting structure suggesting mechanism of initia-
tion of cleavage.(g)(lo)(lg)

In our experiment, notches, which have 1 mm depth and radius of curva-
ture 0.01 mm~5 mm, were sawed on one side of specimens. And seome specimens
were pre-strained by 1~10% at room temperature. Fig. 7a shows the orienta-
tion dependence of mode of fracture in tension test of notched specimens at
the temperature of liquid oxigen. The abscissa is the angle between the di-
rection [100] and axis of tension, and the ordinate is radius of curvature of
notches. The open circle shows the type of origin of fracture in which
cleavage started from a twin. While the half circle shows the type of origin
in which cleavage is not associated with twin, and closed circle shows that
of dultile fracture. And the number under the markings shows the number of
specimens of the same orientation tested. While Fig. 7b shows the effects of
pre-strain given at room temperature. In this case loads were applied by
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hock beding. Fig. 8 shows the dependence of fracture stress on radius of
urvature. We may notice that the nominal fracture stresses were nearly
jual to those of plain specimen and did not decrease as expected from the
‘tress concentrations factors at the roots of notches.

Some examples of the structure of nucleus of crack observed on the sur-
lace of cleavage crack by optical and electron microscopes are shown in
I'tys. 11~16. And Fig. 10a shows the schematic sketch of the type of nucleus
wisociated with a twin. In this type cleavage is started from a region of
livad of a twin which seems to be stopped at some distance apart
tctom the root of notch, and one groove, or two in some cases, can be seen
tlong the twin near the center of the head of twin, beside many striations
rossing the twin Figs. 11 and 12. Figs. 13 and 14 show another examples
vhere the twin is nearly parallel to the root of notch, and it is clear that
niny cracks are started independently from separate points at the boundary of
fwin,

Fig. 9 shows an example of the solid view of twin inside specimen, i.e.
the surface of cleavage was removed successively by polishing, and the posi-
tions of twins were located. The curve d€b is the notch, c¢d the surface
't cleavage, while 2f shows the front of twin associated with the origin of

lcavage, and g k the front of twin nucleated at the tip of propagating
tack. From these observations we determined that the twin associated with
‘he origin of crack is one twin, and no crossing two twins, and the twin is
‘topped inside specimen near the root of notch. Topographical observations
tre summarized in the Figs. 10b, c and d. It can be seen that the distance
wtween the root and the twin increases as the radius of curvature of notch
increases.

Then Figs. 16a and b show the enlarged views of the same portion as
Fig. 11 by electron microscope. It is presumed from careful examinations on
the fine markings of striations that first cracks were initiated along the
iroove and that they were propagated in ductile manner inside twin, then
transformed to cleavage cracks at some points on the boundary twin. An al-
'“rnative explanation may be that cleavage cracks were first started on the
toundary of twin followed by ductile fracture inside twin and lastly groove.
e later process, however, fails us to explain all the evidences.

Origin of cleavage in pure iron is not always accompanied with twin, for
imstance, cleavages started sometimes at etch pits on the surface of plain
‘pecimens, or at the edge of ductile cavity produced near the root of notch
‘hen the test temperature is close to the transition temperature as shown by
the half closed circles in Figs. 6 and 7 and illustrated by photographs
f1gs. 15a and b, or at the edge of cleavage crack once stopped.

Tests on carburized single crystals.

According to Allen's experiments (11) addition of small amount of carbon
{0 pure iron caused in some cases very large increase of transition tempera-
ture in Charpy test, for instance, addition of 0.02% carbon increased the
‘ransition temperature by 150°C on furnace cooling, which covers the range of
lransition temperatures of engineering low carbon steels. To pursue the
haracteristic mechanisms of this effect, we determined to test on the ef-
tects of 0.02% carbon added to pure single crystals.

When the specimens were quenched in water, however, no appreciable ef-
fects were detected in fracture characteristics, though the flow stresses
were increased by some amount. But when the specimens were cooled slowly in
lurnace, plate like carbides were formed, whose size was about 5 to 10U in
length, and on simple tension tests the transition temperature was increased
by small degree, and the transition became slower as shown by intermediate
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reductions of area before onset of cleavage in Fig. 18, though the fracture
stress was almost unchanged.

-The discrepancies were, however, exaggerated appreciably on the tests of
notched specimens. Single crystals of same orientation are compared in the
Fig. 19. Pure iron shows lower transition temperature with sharp transition,
while iron containing carbides has higher transition temperature with very
slow transition. Compared with the case of simple tension test, fracture
stress of notched specimens with large carbides is appreciably reduced in
brittle range. Then by examinations of cleavage surfaces of iron containing
carbide, it appeared that cleavage started from a carbide without accompa-
nying twin in the transition range, which is shown by the markings X, and one
example of nucleus of crack of this type is shown in Fig. 20, on the other
hand, from a carbide met with a twin in the range of very low temperatures,
this is shown by the marking A in Fig. 19.

4) Bi-crystals.

To obtain informations for the role of crystal boundary in the initia-
tion and propagation of cleavage cracks, we investigated two groups of bi-
crystals, i.e. these having boundaries nearly parallel and perpendicular to
tensile axis. Tensile tests for pure iron bi-crystals are illustrated in
Fig. 2la, where comparison of these with single crystals revealed the slower
transition, which is illustrated by more or less ammount of reduction
of area before cleavage fracture in Fig. 2la, and also some micro-cracks
which were found to have stopped inside crystals near the grain boundary.
Then examining the origin of cracks, cleavages were frequently found to start
at the boundary of twin stopped by the grain boundary as illustrated in
Fig. 22. On the other hand, bi-crystals containing carbides, carburized by
0.02% carbon and furnace cooled, showed rather similar tensile characteris-
tics as pure bi-crystals, Fig. 21b, but cracks were almost always initiated
from carbides precipitated at crystal boundaries as illustrated by the photo-
graph Fig. 23.

5) Effect of neutron irradiation.

As for the mechanism of irradiation hardening of pure iron, it is con-
sidered to be important to eliminate the effect of minor interstitial impuri-
ties though it was not yet examined in previous studies{15) Fig, 24 chows
the comparisons of tensile tests for single crystals pre-strained by 0.1% at
room temperature after irradiation of 7 x1018 nvt for fast neutron with
those unirradiated and having same orientations. It is noted that yield
Stress together with rate of hardening were increased by irradiation. The
transition temperature of notched specimens, however, was not increased by
the small ammount of irradiation as shown in Fig. 25,

§ 4. Discussion

1) Concerning the yield and flow stress of pure iron, some divergence of
opinions are pointed out. In fact, Petch(1 and Conrad'®’) had attributed the
high yield and flow stress at low temperatures to large Peierls stress of
dislocation caused by covalent character of interatomic forces characteristic
in B.C.C. transition metals. Based on that idea H?hn 16) explained the flow
curves of iron using the Johnston-Gilman's theory. (17) According to these
theories lattice resistance of iron at O0°K was estimated to be about 50Kg/mm=<
On the other hand Kitajima(s)(la) and Brown(%) has asserted that the lattice
resistance may not be so great but presumably smaller than some Kg/mmz.
Present measurements shows that it is smaller than 5 Kg/mmaat 4.2°K. The
discrepancy may partly be attributed to the difference in precisions of
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neasurements of strains in these experiments. According to our results flow

itresses show very rapid work-hardening in the range of small strains, which
vould be reasonably explained by the easiness of cross slip characteristic in
#.C.C. metals. Measurements of activation energies at strains of 5% 105,
107% and 10”2 show the values of 0.15, 0.38, 0.57 eV respectively at 77°K
Fig. 4b, which seem to support the above deductions on the mechanism of work-
hardening. Some criticisms for the proposed value of lattice resistance

may hold that, the internal stresses caused by pre-straining at room tempera-
ture might lower the yield stresses and that movements of kinks contribute to
'mall strains. On the former we may point out that the increases of lattice
resistance at low temperatures may contribute additively to yield stresses
irrespective of the internal stresses in our experiments, and on the latter,
the contribution of movements of kinks may not exceed strain of about 1075,
though for a final conclusion more careful experiments may be required on
purity of specimen and analyses for very small strains. Stein and Low(®%)
measured the yield stresses at 77°K on specimens which contained intersticial
impurities as low as 5 X lO'sppm, but more precise measurements are considered
to be necessary in the range of small strains, and on the effects of substi-
tutional impurities and of many amount of jogs expected to be contained in
the dislocations in annealed state.

2) According to our experiments the pre-straining of about 0.1% at room
temperature, which masked the effect of small quantity of intersticial impu-
rities on yield stress, however, did not have so much influence on the initi-
ation stresses of twinning and also cleavage. This leads to the deductions
that the initiation of twinning ana cleavage may not depend essentially on
the locking of dislocations by interstitial elements, but that rather on the
ibsolute magnitudes of flow stresses which are insensitive for the history of
small strains.

') On the mechanism of initiation of Cleavage associated with twin, the
type of crossing two twins have been a common mechanism.(7)(3) In our experi-
mcnt,Q)(lo)(la)however, one twin caused many cleavage cracks in notched spec-
imens. And the precise examinations for the structure of nucleus of crack,
the initial start of crack was attributed to a groove structure appeared near
the center of twin.

A possible explanation for this may be that, at first the origin of the
#roove inside the twin may be common with the midrib observed in twin as il-
lustrated in Fig. 17, which seems to be closely related to the mechanism of
yrowth of twin. The electron microscopic observations for midrib were re-
ported by Nishiyama.(le) And it is very probable that the midrib may be the
trace of elastic twin which proceeded at high speed near sound wave in the
initial stage of growth of twin.

Then we may suggest the mechanism whereby crack is initiated that, an
vlastic twin may propagate nucleating new twins by the distortion of lattice
caused by very high stress at the edge of twin, then the same high stress may
produce also cracks at the edge of twin which may be the cause of cracks
tirst appeared along the groove. These cracks may then be propagated in
‘luctile manner in company with further lateral growth of twin, in which
climbing of twin disIocations may be the controlling mechanism, under high
normal stress field near the notch, and transformed to cleavage cracks at some
points on the boundary of twin, where Griffith's condition is satisfied. It
can be seen in Fig. 16b that the fine striations crossing twin reveal the
trace of ductile fracture and it's direction of propagation suggested above,
and also the size of head region of twin is in accordance with the estimated
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Summary

Ilementary processes in cleavage fracture of iron were investigated
novery pure, carburized and neutron irradiated iron single crystals.
[t was shown that the yield stresses of pure single crystals
¢-strained by 0.1% at room temperature did not exceed 10 Kg/mm” even at
.2"K, then the stress-strain curves showed very rapid work-hardening at
wlier stage of straining and followed by work softening, while the twin-
np and cleavage stresses however were not so much influenced by the

jre-straining,
Cleavage cracks were frequently found to be started from a twin not
om a crossed two twins on single crystals which have various notches. On
this type of nucleus of crack, cracks were found to be started initially
«lony a groove, which was surmised to correspond to midrib in twin, and

'pagated in ductile manner inside twin, and then transformed to cleavage
As a possible mechanism of

racks at some points on the boundary of twin.
‘his type of initiation of crack, initial growth of cracks along the groove
15 attributed to nucleation of cracks at high stress field at the tip of

propagating twin,
In contrast to pure iron, the iron carburized by 0.02% carbon and cool-
! in furnace showed higher transition temperature and slower transition.
‘nd the cracks were found to be started from carbides precipitated inside or
't boundary of grain in company with slip, and the fracture stress was lower
unl more insensitive for pre-straining in the transition range. The char-
iteristics was suggested to play important roles in explaining the fracture

inracteristics of low carbon steels.
Neutron irradiation increased the yield stress together with the rate

't work-hardening.
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Fig. 1 Stress-strain curve at 77°%K of singlg crystgl strained pzh
0.1% str;in.at room temperature. Pure iron melted in crucible, same wi
other Figures excepting those noted.

Table 1

Pure iron melted 0 0.001%, N 0.0005%, (& 0.001%,
in crucible Si 0.01%, Al 0.001%.

Carbonyl iron pow- 0 0.1 ~0.3%, N 0~0.05%, C 0.01%~ 0.04%,

der, GA & F type Spectroscopically pure for metalic elements §
HP

9
Zone melted iron Not determined, but recrystallization temperature

was about 100°C lower than that of the pure iron
melted in crucible, and R 300°k/R 2,2°k 2 200

0-1 0.2
] 0 0.1 0.2 0.3 0 & i
€& ¥
Fig. 2. Orientation depend- Fig. 3. Simi%ar curves at
ence of stress-strain curves at 4.2°K to those of Fig. 2.

77°K of single crystals pre-strain-
ed by about 0.1% at room tempera-
ture. Ef is plastic strain.
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Stress-strain curves at 77°K of single crystals pre-strained

by 0.1%. Pure iron zone-purified by 10 passes.
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Fig. 7a. Orientation de-
pendence of the mode of fracture
of notched single crystals in
static tension tests at 90°K. D
is the radius of curvature at the
root of notch, ®; ductile frac-
ture, Q; Cleavage fracture whose
origin is accompanied with a twin,
®; Cleavage fracture whose origin
is not accompanied with twin. The
number under the markings is the
number of specimens of same orien-
tation tested.
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Fig. 9. Solid view of twins
inside specimens.
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Fig. 14, Some examples of
origin of crack accompanied with
a twin in notched specimens,

P=0°
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Fig. 15. Example of origin
of crack not accompanied with twin
and corresponding to the marking @
in Fig. 6 and 7.
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Fig. 18. Comparison of frac-
ture characteristic between single
crystals of pure iron and those con-
taining carbides. Simple tension
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Fig. 19. Comparison of frac-
ture characteristic between single
crystals of pure iron and those con-
taining carbides. Tension test of

Fig. /4a 760x% notched single crystals of same
orientation. Q , @ ; common with
Fig. 6, X ; origin of crack started
from a carbide without accompany-
ing twin, A ; origin of crack start-
ed from a carbide met with a twin.

test, R.A.; reduction of area.
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Fig, 20. Example of origin of crack started from a carbide as shown
in Fig, 19,
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in o accompanied with
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Fig, 24, Effects of neutron Fig. 25.  Fracture characteris-

irradiation on stress-plastic strain tics of neutron irradiated pure iron
curves of pure iron single crystals single crystals which have same orien-
pre-strained by 0.1% at room tem- tation. Notched specimens.

perature. Pure iron zone-purified

by 2 passes.
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