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ABSTRACT

The initiation and propagation of cleavage microcracks in coarse-
grained vacuum-melted ferrite, containing 0.035 and 0.007 per cent carbon,
were studied by means of tensile tests carried out between room tempera-
ture and -196 C, and by special metallographic procedures. The latter
involved surface replication of prepolished tensile specimens at various
stages along the stress-strain curve, and also the progregsive sectioning
of such specimens to reveal the internal details. In this way, the effects
of carbides and mechanical twinning were related to the low temperature
yielding behavior, initiation and propagation of cleavage, and the ductile-
brittle transition,

Cleavage microcracks develop in ferrite duringthe strain-hardening
portion of the stress~strain curve at low temperatures, and are initiated
mainly by cracks which form in the carbides. Twinning does not play an
importantrole in crack initiation overthe entire temperature range studied.
Carbide crack during plastic deformation at all temperatures investigated,
but they lead to microcracks in the ferrite only when the applied stress is
high enough to permit the carbide cracks to act as Griffith cracks. The
ductile-brittle transition temperature c¢losely follows the temperature at
which microcrack formation starts. The lower carbon ferrite has a transi-
tion temperature 70 C below that of the higher carbon ferrite because its
carbide particles are fewer in number and smaller in size.

Carbide cracks algo lead to the formation of large voids during the
necking of specimens tested in the ductile and transition temperature re-
gions; these voids tend to lower the fracture stress and decrease the re-

roa at fracture
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Pre—existing twins provide strong barriers to microcrack propaga-
tion, and can act as a refinement of grain size to raise both the fracture
stress and fracture strain in the brittle region. Twinning also cauges the
disappearance of the discontinuous-yield phenomenon at lowtemperatures.,

A model for microcrack initiation by carbide cracking is proposed,
and the conditions leading to brittle fracture are discussed. The applica-
bility of these findings to the low-temperature brittle behavior of mild steel
is also considered.
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INTRODUCTION

The phenomenon of cleavage fracture, which
tends to occur on the brittle side of the ductile-
brittle transition in body-centered cubic and
hexagonal close-packed metals, has long
presented a special challenge to thosge interest-
ed in the fracture of materials. The challenge
exists partly from the need to understand and
control the tendency for sudden catastrophic
failure, with low energy absorption, in such
important engineering materials as mild steel,
but it also stems from the interest in cleavage
fracture as a purely scientific phenomenon.
Cleavage is, by virtue of its crystallographic
nature, the simplest mode of fracture which
accurs in metals, and it should be the most
easily understood. Nevertheless, although
the efforts expended in the study of cleavage
have been many and great, the problem is far
from completely solved.

Because of their great technological impor-
tance, ferrous materials have received a large
portion of the attention directed toward the
brittle-fracture problem, and since their tech-
nology is generally more advanced than that
of other b.c.c. metals, this situation is
likely 1o continue intothe near future. Most
approaches to this problem have involved
analyses of strength and ductility properties
measured in various mechanical tests, or
theoretical treatments of models proposed to
explain the nature of the high stress concen-
trations necessary for the initiation of cleav-
age. One approach which has not been fully
explored, however, is the study of the incipi-
ent stages of cleavage fracture, or the forma-
tion of microcracks. These microcracks can
exist in deformed, though unfractured, speci-
mens and are, in essence, cleavage fractures
which have propagated over very small areas,
relative to the cross-section of the specimen,
before coming to rest. They offer an oppor~
tunity for a study of cleavage fracture on a
fine scale, from which it may be possible to
deduce some of the mechanisms ¢f crack in-
itiation, propagation, and arrest. The present
work was undertaken with this end in mind.

By means of tensile testing at sub-ambient
temperatures and careful metallographic analy-
sis of deformed or fractured specimens of high-
purity iron-carbon alloys, it is hoped to arrive
at a clearer understanding of the micro-
mechanisms of cleavage fracture of iron and
steel, with the pogsibility of relating this to

other b.¢.¢. transgition metals.
REVIEW OF THE LITERATURE

Ever since the early attempts of Ludwik® to
explain the ductile-kbrittle transition by the
existence of a fracture stress curve, which was
supposed to intersect a vield stress curve at
some low temperature, an explanation of brittle
fracture in terms of microscopic and atomic
mechanisms has been sought. Most theories
of low-tempsrature brittle fracture in metals
have emphasized the initiation stage; however,
more recently the propagation stage has re-
ceived an increasing share of attention.

In this chapter, the various hypotheses of
the mechanics of brittle fracture are reviewed,
along with the experimental observations which
support or fail to support these hypotheses, In
an effort to present a unified treatment of the
subject, the discussion of theory and experi-
ment is combined., This review is mainly con-
cerned with cleavage fracture; the inter-
granular mode of low-temperature brittleness
will be mentioned only briefly,

The Griffith Theory

The fundamental concept which forms the
basgis for modern treatments of brittle fracture
was established by Griffith® in 1920, Griffith
postulated that the generally obgerved tend-
ency of brittle materials to fracture at stresses
which are a few orders of magnitude below their
estimated cohesive strengths is due to the
existence of minute crack-like flaws which
propagate under an applied "traction" if the
strain energy released in the volume of mate-
rial through which the crack passes is greater
than the energy consumed in the formation of
new crack surfaces. He assumed that the
energy consumed by other dissipative pro-
cesses is negligible (and herein lies the
essence of "ideal" briitleness).

If the component of applied tensile stress
normal to the major axis of an elliptical crack
in a plate is U and the length of the crack is
2c, then the crack will propagate if

0 = const. XV%—Z

where E is the elastic modulus an ¥is the
surface energy of the material (assumed to be
isotrophic). The value of the constant depends



(b)

FIG. 1. CRACK INITIATION MODELS OFZENER
{a) BLOCKAGE OF A SLIP BAND BY A PRECIPI-
TATE PLATE, {b)COALESCENCE OF EDGE DIS-
LOCATIONS® .

onwhether a plane stress or plane strain con-
dition is being described and is of order unity
in either case.

Griffith was able to support his theory by
measurements of the fracture stress of glass
tubes and bulbs as a function of the depth of
artificially introduced surface scratches and
by the near-theoretical strengths which he
found in freshly-drawn glass fibers. Later,
Andrade and Tsien® made direct observations
of surface flaws in glass. Although there
have been objections to this use of macro-
scopic elastic theory on the atomic scaie®,
and although there is some reason to suspect
that brittle crack propagation may occur in
more than one stage®, the Griffith theory still
stands pre- eminent in the fracture of brittle

hirmoalf R 7
Griffith, himself, noted

ELCI.SLJ.(, IIld.LEIJ.dLb .
that this theory could not be applied to plastic
crystals in which rupture is preceded by plas-
tic flow, but he suggested that it could be

used in the case of brittle crystals if the ani-

sotrophy of the surface energy were tzken

into account.

Theories of Initiation of Brittle Fracture in
Metals

The Zener Hypothesis

The idea of pre-existing Griffith cracks
cannot be used to explain the low cleavage
strengths of metal crystals. The observed
cleavage strength of zinc crystals would re-
quire cracks of several millimeters in length,
and these should be easily observed. Fur-
thermore, it is now almost universally ac-
cepted that cleavage fracture of metals is
always preceded by some amount of plastic
deformation. The first theoretical models
which linked cracked initiation with plastic
deformation involved the concept of the dis-
location pileup.

In 1948 Zener®, considering the inhomoge-
neous nature of plastic flow in crystals, sug-
gested that a slip band behaves like a tempo-
rarily viscous region in an elastic continuum
and that the high stress concentration at the
head of such a configuration, due to the re-
laxation of the shear stress across it, could
lead to formation of a crack if the band were
blocked by some obstacle such as a grain
boundary or precipitate (Figure la}. Alterna-
tively, stated in terms of dislocation theory,
this c¢rack initiation could be viewed as the

coalescense of edge dislocations whose move=
ment on the slip plane has been similarly
blocked {Figure 1b}.

Eshelby, Frank and Nabarro® have calculated
the spacings of the dislocations in such an
array, as well as the shear stress at its head,
and Koehler!! has extended this to a calculation
of the tensile stress at the head of the pileup.
Stroh*?”**"1* and Petch® have examined this

model of crack initiation in detail.

The Grain Size Effect

B o~

oo lhhanm wridals Al oara, in
atinb.c.c.
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metals the yvield stress and fracture stress
behave similarly with respect to the grain size,
in that they both increase linearly with the in~
verse square root of the average grain diameter.

This d Ve vield stress behavior was first
reported by Hall'® for mild steel and later by
Petch®® for mild steel and iron (Figure 2a). It
was Petch' who first pointed out that the

A tha
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t!‘ess obeved a gimilar ci-l/2 relation
though his plotted values were

cleavage ¢

(Figure 2b},
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FIG. 2b. CLEAVAGE STRENGTH OF FERRITE AT

-196 C AS A FUNCTION OF GRAIN SIZE'®,

normalized to zero percent plastic strain to
"correct” for the enhancing effect of plastic
strain on the fracture stress. Others, however,
have shown that uncorrected values of cleavage

1'7‘—18 o Ta - 18 -20
arnag n.c.p.

bllﬂba UJ. VCI-].J.UU.b U.b
metals also follow this relatlon.
-1/2 .

The d dependence of the yield stress
can be attributed to the piling-up of disloca-
tions, not necessarily in a linear array, at
the head of a slip band which ig blocked by a
grain boundary. Since the effect was originally
observed in iron and steel, it was at first con-
fused with the yield-point effect found in those

A ) e Lo i) P g Paay e |
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theory of disecontinuous yielding®. It has been
shown, however, that not only does the flow
stress at various strain levels obey a similar
relation in iron®™ and chromium®, but that the
vield and flow stresses of f.c.c. polycrystals
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ling ®~%-28

now apparent that the d iz relationship has
more to do with strain hardening in polycrystals
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also follow a d Thus, it is

Petch®-1¢ derived the first explanation which

_]_/2

connected the d behavior of ¢leavage stress
with the Zener idea of crack initiation by a dis-
location pileup.

The Theorv of Petch

Petch considered that cleavage ensues
when the stress ¢ at the head of a pileup
reaches the theoretical cleavage strength
0,.s. Making use of the approximation™

O =anT (1)

where n is the number of dislocations piled-up
by the applied shear stress T and a@a constant
of order unity, and the Eshelby, Frank and
Nabarro ® estimate of the length of the pileup
array in terms of n and T, which he set equal
to d/2, he obtained the expression

Gb

D=5t

LIPS
U_ZD {T-T.)° 4, {2)

T, is the "friction" stress opposing dislocation
motion, which must be subiracted from 7 to
get the net shear stress acting on the pileup.
G is the shear modulus, b the Burger's vector
of the dislocations and vis Poisson's ratio.
By letting the applied tensile stress be twice

T and setting
0 = 03 = constant

Petch obtained the following cleavage stress--

\_JIG-J.[I. bléb‘ re I-CI-LJUII.

- 0, +ka V2

(3)

where k is a constant and G, is twice Tg.

The Theory of Stroh

Stroh' has developed a theory of fracture
which, again, uses the concept of cracks
initiated by the stress concentration of a
dislocation pileup. He calculated that for a
brittle metal, in which crack growth is not
damped-out by plastic flow, the condition for
initiating a crack is given by the following
expression

e 3Gy (4)
N B(-UL
where T is the resolved anedf tress acting of

the pileup, vis the surface energy of the
cleavage plane, and L is the length of the dis-



location pileup.

To get this relation Stroh first calculated
the maximum normal stress in the grain
adjacent to the pileup as a function of the re-
solved applied shear stress and the distance
from the head of the pileup. He then supposed
that a crack formed in the plane normal to this
maximum stress and substituted this stress
into the Griffith equation for crack propagation.
He used the Eshelby, Frank and Nabarro esti-
mate of the length of a pileup of n dislocations
to get

_3nfy
T= T )

as the condition for crack initiation expressed
in terms of n. Stroh estimated from reasonable
values of T that a pileup of about 100 disloca-
tions would produce a crack, and further con-
cluded that this crack would propagate cata-
strophically under the applied stress. By
equating L to d/4 he was able to rationalize the

-1/2
d / behavior of cleavage stress.

Stroh assumed that the dislocation sources
in the grain adjacent to the pileup are locked
by Cottrell atmospheres and thus prevented
from relieving the stress concentration by slip.
He thereby implies that this mechanism will
operate only during yielding, when the density
of operative sources is low and the few sources
which do operate can be expected to form a
large pileup in a short time. He states that
the probability of brittle fracture is the same as
the probability that the dislocations near a
piled-up group will not be released by yielding
in the next grain.

Biggs and Pratt®™ suggested that mechanical
twins may take the place of grain boundaries
in single crystals and that this may not only
extend Stroh's theory to single crystals, but
also explain the role of twinning in cleavage
fracture. {They found that by prestraining
iron single crystals at room temperature, both
twinning and brittle fracture could be suppres-
sed at ~196 C.}

Stroh's prediction that cracks formed during
low-temperature vielding will propagate to
failure is not entirely supported by the results
of Low'”. Low found that, in mild steel at
~196 C, cleavage fracture took place at the
vield stress for large-grained specimens, but
that for specimens of less than a particular

grain size, cleavage fracture occurred only
after yielding and subsequent work hardening
{Figure 3). Furthermore, he observed cleavage
microcracks in specimens which had yielded
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FIG. 3. YIELD AND FRACTURE STRESSES AT
-195 C AS A FUNCTION OF GRAIN SIZE FOR A

LOW CARBON STEEL. TRANSCRYSTALLINE CILEA-
VAGE FRACTURES!?.

but not fractured.

Low”® believes that the existence of a
barrier strong enough to form a pileup is un-
likely, since a concentrated shear stress ap-
proaching the theoretical shear strength of
the material would have to be reached in order
to produce a pileup large enough to exceed the
theoretical cleavage strength. In addition, he
points out that large pileups have never been
observed in the many etch-pit and electron
transmission studies carried out in search of
them. Finally, the models of both Petch and
Stroh pre-suppose that Frank-Read sources
operate during vielding to produce pileups,
each lying on a single glide plane. There is
reason to believe that a varient of the double
cross slip mechanism of Koehler*® is more like-
ly in some of the materials which undergc
cleavage fracture®~*°, and cross slipping
mechanisms of dislocation multiplication
should not produce large pileups.

On the other hand, Hornbogen®® has recent-
ly found that cross slip is rare in iron - 3
atomic percent phosphorus (an alloy which
exhibits extreme brittleness) and that yielding
ig initiated by the operation of sources in the
grain boundaries and subboundaries. He has
also shown that very large pileups can be
formed by the dislocations issuing from the




tips of mechanical twins.

The Theory of Cottrell

Cottrell®*® has proposed a model for crack

initiation which does not involve grain bound-
a
aries, but rather the coalescence of > <1lix

dislocations moving on intersecting {110} slip
planes, by the reaction

a i< a
> [111]+—2— 1111 a [001]

Continued intersection and coalescence of the
slip dislocations is supposed to form a pure

edge [001] dislocation of increasing Burger's
vector, which is pictured as a cleavage knife

being wedged into the (001) plane (Figure 4).

&
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FIG. 4. {a) COALESCENCE OF TWO SLIP DIS-
LOCATIONS TO FORM A CRACKED DISLOCATION
ON A CLEAVAGE PLANE (b). (c) COAIESCENCE
OF TWO SLIP BANDS TO FORM A CLEAVAGE
CRACK {d). *°

-

Cottrell derives a criterion for brittle frac-
ture based on this model, which should apply
as well to any crack initiation mechanism
which employs intersecting slip or twin bands.
This derivation requires that cracks be formed

R TR [P Y
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or during Liider's band propagation) and gives
the expression

/

0y ked’? = pGy )

as the criterion for the ductile-brittie transition,
where O, is the lower yield stress, 2d is the
grain diameter, ky is the slope of the U, versus

-1/2 .
d / curve and Bis a numerical factor =1 in
the unnotched tension test).

The transition is so defined, that when the
left-hand side exceeds the right-hand side,
the yield stress is sufficient to propagate the
crack formed in this model. This will tend to
occur at large values of ky, d or 0, {the friction
stress) and will give rise to cleavage fracture
at the vield stress. when the leit-hand side
is too small, cracks are supposed to form during
vielding but they will be unable to propagate
beyond a certain length. Plastic deformation
can then take place before the occurrence of
cleavage fracture at higher stress levels. Thus,
a ductile-brittle transition can be obtained
with a decreasing temperature, for a given
grain size, or with increasing grain size at a
given temperature, both of which are commonly
observed.

The "certain length" at which a crack is
supposed to stop in a specimen tested just
above the transition temperature is arrived at
from purely mathematical considerations and
has no connection with any microstructural
parameter, such as grain size. Although
Cotirell seems to imply that this length will
be the grain diameter, there is no reason to
expect this from the derivation, since the grain
size enters only through the yield stress rela-
tion. Hence, the importance of the grain
boundary, per se, in polycrystals is found only
in the surface-energy term, ¥, which becomes
a general expression of all the ways in which
energy can be expended in crack propagation.
These include slip or twinning caused by the
high stress concentration at the tip of the
moving crack (which increases with crack
velocity™*3, formation of cleavage steps or
so-called "river markings"®?, and breaking
through barriers such as twins and grain
boundaries.

Stroh® has given a calculation which seems
to show that the dislocations of Cottreil's
model should digsociate rather than coalesce




after meeting at the slip plane intersection.
However, calculations by Chou, Garofalo
and Whitmore® indicate that such a double
pileup would produce a much higher stress
concentration than a single pileup, and that
if the dissociation envigsaged by Stroh were
somehow prevented, such a dislocation array
could indeed initiate a cleavage crack.

Cottreli®® stated that a yield drop, which
involves a sudden avalanche of slip disloca-
tlons, is needed for such a mechanism to
operate. That is, plleups from unlocked or
fresh dislocation sources must form the crack
before further unlocking of other sources or
generation of new dislocations can relieve
the stress concentration. Thus, he visualizes
that the influence of low temperature and high
strain rate comes mainly from their effect of
raising k, (which contains the stress neces-
sary to unpin a locked dislocation, according
to the Cottrell theory of yielding). The fact
that ky has been found to be temperature in-
sensitive over a wide range of temperatures hy
many investigators®™-22-* in different ma-
terials does not offer much support for either
the discontinuous yielding theory or the ex-
planation of why brittleness accompanies a
decrease in temperature.

It shouid be noted that the initiation of
cleavage cracks by slip-band intersection in
ionic crystals has been observed®® %%, hut to
explain this we need only require that, under
certain conditions, one siip band offers an
impenetrable barrier to another which inter-
sects it, and that continued slip on the
secondary system produces a stress concen-
tration large enough to exceed the theoretical
cleavage strength. Here the primary slip band
takes the place of the grain boundary in the
Zener-Stroh model, and it 15 not necessary to
call upon a special type of dislocation inter-
action to account for the crack.

The Later Theory of Petch

Potch*! has approached the brittle fracture
problem from the standpoint of the transition
in mode of fracture from ductile {or fibrous) to
cleavage. He considers that crack formation
by either a Stroh or Cottrell dislocation
mechanism is the first stage of both ductile
and cleavage fracture, and that cleavage will
result if the applied tensile stress is suffi-
cient to propagate the crack as a Griffith
crack. Ductile fracture is thought to be due

to the linking-up of non-propagating disloca-
tion cracks by ductile tearing of the bridges
between them. In the transition temperature
region the ductile "crack” or void, which forms
first in the interior of the neck in a round ten-
sile specimen, is supposed to gain speed and
propagate as a Griffith crack at critical valuesg
of velocity and triaxial stress state.

By using Stroh's calculation of the shear
stress and pileup size necessary to start a
crack, and his own observation*? that the
ductile fracture stress (corrected to constant

/2

fracture straln) follows the d_l relation

-1/2

U = 0, + ked {7

he derives the following expression
4Gy"*

0 = —i5 (8)

ked

as the criterion for the change from ductile to
cleavage fracture. Here, again, the various
energies expended in crack propagation are all
contained in ¥', the effective surface energy.
The effect of temperature resides mainly in the
large increase in 0, at low temperatures, which
raises the stress to produce the pileup, and
partly in the supposed increase in ky with de-
creasing temperature, which indicates stronger
pinning and a lower ¥'. (Stronger pinning means
that dislocation sources are less likely to
operate, thus less energy is absorbed by slip.)
Both an increasing 0, and a decreasing ¥' would
favor cleavage.

The theories of Stroh, Cottrell and Petch
are all based on the initiation of cracks by
dislocation pileups, and they all yield roughly
similar expressions for the stress to produce
cleavage fracture. The only direct experimental
evidence of slip-induced cleavage which has
been reported so far is found in the work of
Honda®®, He showed that cleavage cracks can
form parallel to the tensile axis in [110] iron-
silicon crystals, apparently at the intersection
of slip lines.

Crack Initiation Mechanisms Involving Twins

Hull*’-*®-*® and Honda®° have recently
given clear evidence of the initiation of cleav-
age by the intersection of mechanical twins in
single crystals of iron-silicon. Honda used
iron - 2.9 percent silicon crystals in the form




of sheets with a {110} surface in tensile tests
at -196 C. His crystals always failed by
cleavage which started at the intersection of
pairs of <111> {112} twins whose line of
intersection was parallei to the (100) plane,
when the tensile axis lay in the [100] direc-
tion. The mechanism by which twin A forms
an impenetrable barrier to twin B (Figure 5a),
thereby causing a highly concentrated tensile
stress on the cleavage plane, is explained in
terms of the rotation of the (112) plane in the
twinned region of A to an orientation which is
unfavorable for the operation of system B
(Figure 5b}. The estimated stress concentra-
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FIG. 5(a} and (b).(a) TYPE OF TWIN INTERSEC-
TION WHICH CAN PRODUCE CLEAVAGE ON
{001) PLANE (b) REORIENTATION OF LATTICE IN
TWIN A WHICH PREVENTS PENETRATION OF
TWIN B °°,

tion is comparable with the theoretical cleav-
age strength. Honda also found that crystals
pulied in <110> and <111> directions cleaved
without twinning and that the results can best
be explained by a slip band intersection
mechanism.

Hull*® obtained results similar to those of
Honda's < 100> specimens with iron - 3 per-
cent silicon sheet crystals having a {100} face
pulled in the [100] direction at =196 C. He
also found that similar crystals®® fractured
by cleavage at 20 K, likewise initiated by
twin intersections, when pulled in directions
ranging from [010] to [110].

Honda®! has recently tested iron single
crystals over a range of temperatures down to
-196 C and has verified that the twin inter-
section mechanism of crack initiation applies
to iron as well. In this case, it appears that
the intersection of a twin with the boundary of
an included grain can be an equally important
source of cleavage.

Edmondson® ? has reported further substan-
tiation of the twinning mechanism for iron
single crystals, and Cahn®® and Bell and
Cahn®* have shown that it operates in molyb-
denum and zinc as well. 8o far, the evidence
for this mechanism has been obtained in
single crystals, and it is not at all certain
that it is of equal importance in polycrystals.

Hornbogen®™-" has observed twin-initiated
cleavage in iron-phosphorus crystals and his
results indicate that some of these cracks
were formed by the elastic waves emitted by a
moving twin {which may be considered to be a
linear plastic wave) being reflected from the
boundary of another twin lying across its path,
This dynamic model should be considered
separately from the quasi-static one of Honda

and Hull. Honda (private communication) has
observed that a twin intersection, which existed
prior to fracture, was the cause of cleavage
when the stress was later raised to a higher
level; thus, cracking was not the immediate
result of the twin intersection. No evidence

of this shock-induced cracking has been re-
ported for other materials, and the phenomenon
may be peculiar to iron-phosphorus alloys.

Sleeswyk®™ has proposed a model for crack
initiation based on a modification of the Cot-
trell mechanism® and his own concept of dis-
locations emitted from the tip of a moving twin,
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- which he has termed "emissary dislocations™®®,
His idea is that the dislocations emitted by
two twins, which are travelling so as to arrive
at their line of intersection at nearly the same
time, will intersect on a {100} plane to give
<100>dislocations, i.e., a Cottrell type of
crack nucleus.

He concludes that the microcracks which
Hahn® found in his mild steel tensile speci-
mens were formed by this mechanism, and he
predicts that in both poly- and single crystals,
the cleavage stress should be about 1.1 times
the twinning stress at all temperatures in the
brittle region. Sleeswyvk's coneclusions can be
evaluated in the light of the results of the cur-
rent study and they will be discussed in a
later section.

Crack~Initiation Hvpothesis of Allen

In order to account for the observations that
single crystals of iron may fracture by cleavage
apparently without prior deformation™, that
polycrystalline specimens of iron-phosphorus®
and notched mild steel® may fracture by cleav-
age at stresses well below the expected yield
stress, and that anomalous effects may be ob-
tained by prestraining mild steel in compression,
Allen® has suggested that cleavage may be
initiated in certain closely spaced dislocation
arrays which may exist in annealed metals. The
idea still lacks any direct experimental sup-
port, and cannot be evaluated at this point.

Cracking of Iron Carbide in Iron and Steel

It has long been known that the brittle iron
carbide phase in steel can crack during defor-
mation®®, These cracks can generally be ig-
nored at normal temperatures and strain rates,
where the ductility of the ferrite matrix is suf-
ficient to accommodate such stresg-raising

discontinuities. However, in the case of low~
temperature {or high strain-rate) deformation,
the carbide phase must be considered as a
possible source of ferrite cleavage. Indeed,
Bruckner®® and Allen et al® have published
photographs of microcracks in mild steel and

in iron, respectively, which apparently origi-
nated at cracked carbide films in the grain
boundaries. Hahn®® has observed similar
cracks in mild steel and high purity iron-carbon
alloys. The work of Josefsson®”, Allen et al®5
Danko and Stout®™ and Brick™ has demonstrated
that the impact transition temperature of low-
carbon ferrite can be radically lowered by

changes in the carbide morphology brought
about by subcritical heat treatments. Figure 6
taken from the work of Danko and Stout shows
that when carbide formation is suppressed in
a low carbon iron by quenching from the alpha
region, the impact transition temperature is
about 200 P lower than that of the same mate-
rial in which grain boundary carbide has been
allowed to form in a slow cooling process.
The importance of iron carbide has heen largely
overlooked in most theories of brittle fracture,
however, and part of the present work will be
devoted to a study of its effect.

Theory of Crack Propagation

The theory of crack propagation in metals,
being much more complicated and less amen-
able to experimental study, has progressed
less than the theory of initiation mechanics.
Orowan’ has modified Griffith's equation for
the fracture stress by substituting a plastic
work term p for the surface energy ¥ to give:
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FIG. 6. THE EFFECT OF CARBIDES ON THE
NOTCH TOUGHNESS OF INGOT IRON. NO
GRAIN BOUNDARY CARBIDE NETWORKS IN A AND
B.

Legend

A Furnace cooled from 900 C; reheated to
705 C, water quenched; aged 200 C,
24 hours; grain size: ASTM 5.4

B Furndce cooled from 1205 C; reheated
to 705 C, water guenched; aged 200 C,
24 hours; grain size: ASTM 2.5

C Furnace cocoled from 900 C; grain size:
ASTM 5.5

D Furnace cooled from 1205 C; graln size:
ASTM 2.4




and he has shown by X-ray measurements on
fracture surfaces of mild steel plate”® that p
is several orders of magnitude larger than the
commonly accepted value of ¥ for iron (which
is about 10%® ergs/cm®) . This "effective” sur-
face energy should increase with increasing
temperature and decreasing crack velocity and
should vary with microstructural parameters
which influence plastic deformation,

This approach is useful for a qualitative
description of crack propagation, and p has
been measured for various materials under dif-
ferent test conditions®®, but, so far, it has
shed little light on the mechanisms of energy
absorption in crack propagation.

Tetelman” ®~"* has analyzed the plastic
deformation by slip which agcompanies the
propagation of cracks in iron - 3 percent silicon
single crystals. He has conciuded that, at
fairly low temperatures and high crack veloci-
ties, the energy expended in crack propagation
by activation of dislocation sources in the
volume of material swept out by the moving
stress field of the crack tip is of about the
same order of magnitude as the surface energy
Y.
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In some instances of brittle behavior of
metals, the mode of fracture is intergranular
instead of cleavage., In these cases the frac-
ture takes place simply by separation along
grain boundaries, either because of the segre-
gation of a brittle second phase at the bound-
aries, or because of segregation of some im-
purity element® .

Iron ¢an become embrittled and fracture in
an intercrystalline manner if it contains oxygen,
but this effect can be eliminated by additions
of small amounts of carbon’™ . Low®® reports
that the mode of fracture at -196 C of a de-
carburized rimmed steel, containing 0,02 per-
cent oxygen and less than 0,001 percent car-
hon, can be changed from intercrystalline to
transcrystalline by simply recarburizing back

Intercrystalline fractures can be distin-
guished from the cleavage facets of trans-
crystalline fracture by their characteristic
smooth appearance and lack of cleavage steps.
It is important to recognize the existence of
intergranular fracture when it becomes opera-

tive in low-temparature testing, since the
mechanisms discussed above pertaining to
cleavage {racture would then lose their rele-
vance.

Microcracks in Polycrystalg

Cleavage microcracks in polycrystals were
first observed by Bruckner®® in mild steel
tensile-impact specimens and later by many
others in iron and steel and, recently, in
chromium®®, Microcracks are generated in
specimens deformed at low temperatures during
plastic deformation prior to fracture. They are
actually cleavage fractures which initiate at
applied stresses too low for long-range propa-
gation, and which are halted for one or more of
the following reasons:

{i) the crack hits a barrier, such as a grain
boundary, twin, or precipitdte;

(i1} the stress concentration at the crack tip
is relieved by slip or twinning ahead of
the crack, causing it to slow down and,
finally, stop; or

{(iii} the crack runs out of the localized high

stress field in which it formed into a

region of comparatively low stress.

Microcracks in iron and steel have been
studied by Low®’, Owen et al”®, Hahn®® and
Sullivan™, and it has been generally found
that the number of grains containing micro-
cracks increases with the level of plastic
strain at low temperatures (Figure 7). When
the number of microcracks in fractured tensile
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FIG. 7. NUMBER AND SIZE OF LARGEST
CRACKS IN A LOW CARBON STEEL DEFCORMETD)

AT -195 C AS A FUNCTION QOF STRAIN. COM-
PLETE FRACTURE OF AGGREG{X;E OCCURRED AT
APPROXIMATELY 12% STRAIN ~ .




_10_.

specimens is plotted against test temperature,
a maximum is found at, or just below, the
ductility transition temperature T,, which is the
temperature of the steep decline of the percent
reduction in area values of fractured tensile
specimens (Figure 8}. Aside from these ob-
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FIG, 8. TENSILE PROPERTIES OF POLYCRYSTAL-

LINE IRON 0,04 % CARBON SPECIMENS SHOW-
ING NUMBERS OF MICROCRACKS OBSERVED °°.

servations of the frequency of formation of
cracks, there have been no detailed studies
made of the mechanisms of formation of these
microcracks, their behavior under increasing
levels of stress, or their relevence to the over-
all cleavage-fracture problem.

OBJECTIVES AND PLAN OF THE RESEARCH

This research program was carried out during
the period of June 1961 to May 1963 and was
concerned with the following objectives:

(1} to study the formation of cleavage micro-
cracks in polycrystalline irvon in order to
determine where, in the strain history of
the tensile specimens, the cracks form,

and how they behave as the stress level
is raised after their formation;

(2) to determine the mechanisms of crack form-
ation and, in particular, to test by direct
observation the various crack initiation
models which have been proposed;

{3} to determine the means by which crack
propagation is arrested in the formation of
"stable" microcracks, and thus to gain
more insight into the process or crack
propagation in polycrystalline aggregates;

{4} to examine the rcle of the iron carbide
phase in the ductile-brittle transition of
iron and steel.

Continuous and interrupted tensile tests
were carried out on coarse grained specimens
of two low-carbon ferrites which had been slow
cooled from the austenite region. The inter-
rupted tests were used in conjunction with a
replication technique whereby the surfaces of
the tensile specimens were replicated after
each strain increment. The history of deforma-
tion and crack formation could then be traced
back from the fractured specimens through the
series of replicas.

Selected fractured specimens were ground
and polished parallel to the original surface
to uncover crack sources lying beneath the
surface. :

XPERIMENTAL PROCEDURE
Materials

Two 100-pound heats of high-purity vacuum~
melted iron (Ferrovac E) were obtained in the
form of one inch and 3/4 inch annealed rod,
respectively. The former, with 0.035 percent
carbon, was designated F4, and the latter,
with 0.007 percent carbon, was designated
F5. Their chemical compositions are given in
Table I,

The rods were cold-swaged to 0.670 inch
diameter and, after a one hour anneal at 800 to
850 C, were cold-rolléd-to 0.130 inch strip.
The strips were cut into [1-inch lengths and
straightened in a tensile machine within 2
hours after relling {to prevent Liiders band
formation while straightening). The strips were
then cut in half and machined into tensile spec-
imens, as shown in Figure 9.




TABLE I. CHEMICAL COMPOSITIONS OF
MATERIALS STUDIED
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Heat Treatments

Weight Ferrite F4 Ferrite F5
Percent
C 0.035 0.007
N 0.00045 0.0002
O 0.0017 0.0020
Mn 0,001 0.001
P <0, 001 0.003
S g.002 0.006
5i 0.008 0.006
Ni 0.006 0.03
Cr 0.003 0.002
Y <0,001 0,004
W <0, 001 0.02
Mo 0,001 0.005
Co 0.003 0.003
Cu 0.001 0.001
Al 0.001 0.001
Pb <0.01
Sn <0. 006
3/16 D R
5414
————- - N
CTNe— ]

FIG. 9.

Material

Ferrite F4

Ferrite F5
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TENSILE SPECIMEN.

The machined specimens were surface
ground and then heat treated in an atmosphere
of welding-grade argon in resistance-wound
tube furnaces with a constant temperature zone
of 4 to 6 inches, depending on the tempera-
ture. A summary of the treatments is given in
Table II. The heat treatments are described in

i+l FruFlomcood o 7o oo e oo T
LWLILAWILILY PAlayEidplils «

F4 Ferrite — The F4 ferrite was treated to
produce two different coarse grain sizes by

heating in the austenite region for 4 hours and
furnace cooling, giving a cooling rate of ap-
proximately 3 C per minute. Most of the
subsequent testing was done with the very
coarse-grained material, which was austenit-
ized at 1250 C; the material treated at 1000 C
was used mainly to check the effect of a small
change in grain size on the ductile-brittle
transition temperature. Furnace cooling from
the austenite region produced rather thick
discontinuous films of Fe; C in the ferrite
grain boundaries, as well as similarly thick,
but irregularly shaped, patches of FeaC with-
in some of the grains. Occasional patches

of pearlite surrounded by a thick carbide enve-
lope were also present. Typical examples of
these structures are shown in Figure 10. The
very coarse grain size (0.29 to 0.40 mm) was
used for two reasons: first, to obtain very
brittle behavior (reduction in area = one per—
cent) at a temperature above that of liquid
nitrogen {~196 C) so that the low-temperature
tensile testing would not be unnecessarily
complicated by the use of other coolants; and

TABLE II, SUMMARY OF HEAT TREATMENTS AND GRAIN SIZES

Condition

Very Coarse

Moderately
Coarse

Coarse

FC: TFurnace Cooled

Heat Treatment Average Grain Diam. A‘STM’
(mm) Grain Size
Number

1250 C-4hrs.-FC 0.29to 0.40 0.9t 0
1000 C-4hrs.-FC 0.131t0 0.17 3.5to0 2,7
925 C-4hrs,-FC 0.22to 0.28 1.8tol1.,1
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structures, and the number of specimens which
had to be rejocted because of nonuniform grain
sizc increased.

The F5 forrite, when furnace cooled from
the austenitizing tempeorature of 925 C, con-
tained very small amounts of Fe:C as a grain-
boundary precipitate. For the most part, these
appeared as more or less discrete clongated
particles, rather than as continuous films,
and virtually no Fe.C particles were found
within the grains. Examples of the furnace-
cocled T'5 structures are found in Figure 11.

JORY
TR

(b} - 182% \
FIG. 10 (a) and (b). MICROSTRUCTURL T )

VERY COARSE GRAINED F4 FERRITE SECOWING
{A) PEARLITE, {B)} INTCRGRANULAR CEMENTITE, _ :
(C} INTRAGRANULAR CEMENTITE. o L

secondly, to facilitate the mectallographic
examinations by making the events appear on
as large a scale as possible.

F5 Ferrite — This material was studicd in . )
order to gain a comparisen with F4 with P A
recspect to the effect of carbides on the ten- ' : '*
sile behavior in the clecavage—-iracture region, ’ 4
Attempts were made to match the very coarse {b) - 340¥

grain size of the F4 by using various aus- FIG. 11 (a) and {b). MICROSTRUCTURE OF
tenitizing temperatures and times while still COARSE GRAINED F5 PERRITE SHOWING (B)
maintaining the slow cooling rate, but it was INTERGRANULAR CARBIDES.

found that the 0.22 to .28 mm grain size was

the largest which could be obtained without Electropolishing

encountering extremely non-uniform sizes and

irregular shapes. In general, with both the After heat treatmaent the specimens were

F4 and F5 ferrites, as the ferritic grain sizc clectropolished in a solution of 1 part per-

was increascd, it became more difficult to chioric acid {sp. gr. 1.60} and 20 paris glacial

obtain equiaxed and uniformly-sized grain acetic acid™, for 20 minutes at a temparature
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of 16 to 20 C., The voltage and current density
used were 30 to 32 wvolts and 2.2 to 2.7 amps
per square inch. The electropolishing apparatus
is iHustrated in Figure 12. This treatment re-
moved about 2 mils from the surface of the
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specimens. After being pelished, the speci-
mens were ctched for 5 to 10 seconds in | per~
cent nital.

Crain~-8ize Measurements

The grain size of every specimen was
measured by making a I~inch traverse along
the gauge section on each of the broad sides
of the specimen, using a special micrometer
stage attached to a microscope. The mean
distance between grain boundaries along this
traverse was multiplied by a factor of 1.65
to give a vailue of the average grain diameter
d*®. This approximation involves the assump-
tion that the grains have the shape of Kelvin's
tetrakaidecahedra (cuboctahedra) with a velume

equal to — d°, and the use of the relationship
of Smith and Guitman”’

N
Berey

where 8, is the grain-boundary interfacial
area per unit volume of material, N is the
number of grain-boundary intercepts along a
linear traversc, and L is the length of the

iraverse.

Tensile Testing

Tensile tests werc carried out on a Tinius
Olsen Electromatic 12000-pound testing ma-
chine, a "hard"” screw-driven machine on
which load is measured by a gystem of torsion
bars. The strain rate used in all tests was
0.031 in./in./min. Strain was measured by
crosshead movement as recorded on the chart
of an autographic recorder driven by a syn-
chronous motor. The nominal gauge lengih of
the specimens was taken to be 1 9/16 inches,
although this is an under-estimate due to the
large radius of the shoulders.

The arrangement for gripping the specimens
is shown in Figure {3. The grips werc {itted
with spherical bearings to insure proper
alignment; these bearings remained free at all
festing temperatures used.

The tests at subatmospheric temperatures

were carriad suft by using the method of Wessel

and Clleman’ °. Temperatures from -40 to

-190 C were obtained by spraying nitrogen as

a vapor, mist or liquid on the specimen through
the cooling chamber shown in Figures 14 and 15.
Thb lllLlUHCll VVU.D Llullbfkﬂllb\.{ fluuj a 2-5 n]utef
dewar {Figure 16) through an insulated tube
under a pressure of 6 to 9 PSIG (maintained
with an awxdiliary tank of nitrogen gas). The
flow was contrelled by a solencid valve in an
on-off manner. The solencid was actuated by
band during testing apd by a Wheelco D to 50
mv. centroller during the preliminary cooling.
The input to the controller was gupplied by a
group of seven copper-constantan thermocouples
connecied in series {approximately 37.5 mv. at
-196 Cj placed next to the gauge section of
the specimen inside the cooling chamber.

The specimen
with two copper- constantan thermOCOuples,
one atiached to each shoulder by means of
a copper clip. During testing, thesc thermo-
couples, whose output was measured with a
Leeds and Northrup Rubicon potentiometer,
served hoth for measurement and control, The
temperature fluctuation during a test was less
than | C; the temperature diffcrence between
the shoulders was always less than 2 C, and
u*;uu}.lxv' less than 1 C. nla.tl‘"‘"""} the sensi-

tivity of a copper-constantan thermocouple
decreases with decreasing temperature and
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becomes rather low in the vicinity of -196 C,
it was at these low temperatures that the
temperature uniformity characteristics of the
cooling chamber were best, so that the maxi-
mum error in reported temperatures is esti-
mated to be less than 2 C. Large temperature
fluctuations caused by direct impingement of
coolant on the specimen were avoided hy
wrapping the gauge section with a fow lavers
of Saran plastic.

FIG. 13. GRIPS AND PULL-RODS FOR LOW-
TCLMPLRATURE TENSILE TLSTS, SHOWING (A}
CONTROL THERMOCOUPLE, (B} MEASURING
THERMOCOUPLES, AND (C} PROTECTIVE WRAP-
PING OF SARAN PLASTIC.

LIQUID NITROGEN
AT 6 TO 9 PSIG

[ PULL ROD
1

Y BRASS TOP
-

:|7‘ J_//SPACER

——=~—DOUBLE WALLED
COPPER CHAMBER

— -———-5PHERICAL BEARING

_GRIP

Rl SPACER WASHERS
/TENSILE SPECIMEN
| .-~ HOLES IN INNER WALL

% VERTICAL ROWS
(EVENLY SPACED

S

FIG. 14. 1LOW TEMPERATURL TENSILE TEST
APPARATUS.

The test temperature of -196 C was attained
by simply letting the solenoid valve remain
open during the test and allowing liguid nitro-
gen to spray the specimen continuously.

Prior to cach test at -190 C or above, the
temperature was lowered to the desired level
and held for about 20 minutes, during which
time it was controlled automatically. The
specimen was then either strained continuously
to fracture or strained and unloaded repeatedly
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FIG. 15, COOLING CHAMBER FOR LOW

ERATURE TESTS. (A) IS A FOUR-POUND
WETGHT USED TO MAINTAIN ALIGNMENT DUR-
ING COOLING.

FIG. 16,

LIQUID-NITROGEN TRANSFER
APPARATUS.

to fracture. The later procedure was used for
the surfacc-replication experiments which are
described in the next section.

The values for upper and lower vield stress
and 0.2 percent offset stress were calculated
using the original cross-gection area as meas—
ured with a micrometer which could be read 1o
¢.0001 inch. The values of fracture stress
were calculated using the actual cross-scction
arca at the fracture. Tor the specimens which
failed by cleavage with little or no necking,
this area was mcasured with the micrometer
under a stereogcopic microscope.
specimeons which necked and failed ina fi
manner, this method was not accurate, so the
fracturc suyrfaces were photographed for area
measurcments with a planimeter. This method
was accurate to within a few percent. The
relative amounts of fibrous and cleavage frac-
ture on the fracture surfaces were estimated
under a sterecscopic microscope at magnifica-
tions up to 54X, In the temperatlure regions of
nearly complete fibrous fracture, this determi-
nation was accurate to within a few percent,
duc to the ease of observing a cleavage facet
in a fibrous background. In the transition
region, the accuracy was probably +10 per-
cent. In the region of nearly 100 percent
cleavage fracture, the presence of a small
amount of intergranular fracture may go un-
detected at the low magnifications used with
the stereoscopic microscope; accordingly,
spot checks were made with a standard micro-
scope at magnifications up o 500X,

Metallographic Studies

Surface Replication

In order to record the microscopic details
of deformation at low temperatures, inter-
rupted tensile tests were carried out in which
the specimens wcre loaded to a specified
strain and unloaded. After unloading the
specimens were warmed to room temperature
and both sides of the gauge section were
replicated on a plastic film; the specimen was
then re-cooled to the test temperature and
strained further. This process was repeated
until the specimen fractured. The history of
microcracks, twins, slip bands and other
evidence of deformation observed on the frac-
tured specimen could then be traced back
through the scries of replicas. In this way
the origin of many microcracks could be ob-
served directly.
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The replication technique is diagrammed in
Mgure 17 and is a modification of a process
devcioped by Young and Marsh®®, A 3 mil
strip of cellulose acetate {2 3/4 by 5/8 inch) is
attached at one end to the specimen by mcans
of masking tape; a drop of acetone is applied
at the juncture of the sirip and specimen, and
is immediately sgueezed out along the strip-
specimen interface by running a finger down
the strip, as shown. A light pressure is ap-
plied for 1 to 2 minutes, after which the rep-
lica is peeled off and mounted on a glass
micraescope slide with double-coated ccllulose
tape (Scotch brand pressure sensitive tape no.
666). The sides and ends of the replica are
then fastened to the tape and slide with extra
pieces of standard cellulose tape to prevent
curling. Folloewing this, about 10 mg. of
aluminum is evaporated onto the slide at normal
incidence from a distance of about 10 cm, in a
standard evaporator in a vacuum of 0.5 microns
of mercury or less. The aluminum is "flashed"”
on in 5 to 10 second bursts to avoid burning
the replica. The purpose of the aluminum is
to provide reflectivity and contrast.

The lensile specimen gripping and pulling
apparatus and the cooling chamber were spe-
cifically designed to facilitate the rapid re-
moval and replacement of the specimen during
the interrupted tests. After any particular

0.003"CELLULOSE
ACETATE ™~

EYE DROPPER
ACETONE —

TAPE
TENSILE
SPECIMEN

FINGER \

’ PRESSURE .—REPLICA

. TWO-SIDED
<, TAPE
Ty
GLASS
MICROSCOPE
SLIDE

FIG. 17. REPLICATION TLCHNIQUE.

strain increment, the specimen, with grips
and pull-rods attached, was hung in a room
tomparature water bath for 3 minutes. After it
became warm enough to handle, the specimen
was removed from the grips, driced with alcohol
and a cool air blast and replicated. The time
interval during which the specimen was at
room temperature for the replication process
wiars usually 20 to 22 minutes and never more
than 30 minutes. Preliminary tensile tests
were carried out to determine the cffects of
this room temperature aging trecatment on the
subsegquent behavior of the specimens, and
they will be described later.

The replicas were examined under the light
microscope al magnifications up to 1000X and
photomicrographs werc made with a 35 mm
camerd attached to the microscope. The glass
slides were sel into a thin plexiglass sheet to
which was attached a strip of rectangular co-
ordinate graph paper, to aid in the location of
any desired area under the microscope. In the
F4 ferrite, a pearlite patch could usually be
found on each side to serve as a reference
mark; in F5 a Vickers hardness indentation
{applicd with a 100 gm. load) was made at cach
end of the gauge section on both sides for this
PUrpOsC.

Surfacc-replication studies woere made on
r4 samples tested at -190, -180, -140, and
-90 C, and on an I'5 sample tested at —180 C.

Counting of Microcracks and Twins

The number of microcracks which appearad
on the broad face of a tensgile specimen wasg
determined by means of a standard bench
microscope with a movable stage., The speci-
men was traversed at a magnification of 200X
in overlapping steps, so that the entirc gauge
section was examined. Magnifications of
500X and 1000X were available to resolve any
uncertainties. Almost all specimens werc
counted twice, so the values reported are felt
to be quite reliable. The microcrack count
wils eXpressed as the number of microcracks
per 10,000 grains. If we make the approxi-
mation that the grazin scctions are circular
with an average diamcter equal to the mean
distance between grain boundaries, then there
are: about 10, 000 grains on one side of a very
coarsc grained F4 specimen and about 20, 000
on one side of 4 coarse grained F5 spccimen.

The amount of twinning which occurred in a
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specimen was measured by counting the number
of grains with and without twinsg along a
straight traverse of about 1 inch. The amount
of twinning was expressced as the percentage
of grains containing twins. The twin counting
was done after the specimen surface had been
smoothed by grinding and had bcen ro-
electropolished and etched. This was neces-—
sary since, on the original as-deformed sur-

faaro

face, it was often impossible t

2

twing from slip lines.

Specimen Scctioning

Two specimens of T4 ferrite and one of I'5,
which were tested in the temperature range
-140 to -180 C, wore mounted in a self-
setting plastic {(Quickmount) and ground paral-
lel to the broad surface in increments of | mil
to examine the microcracks three-dimensionally.
The grinding was done with 600A grit silicon
carbide paper, and after each increment of
material removal, the specimens were polished
on diamond-paste impregnated cloth wheels,
clched lightly with 1 percent nital,
ined metallographically.

and cxam-
in this way the
arigins of many cracks were detormined in
cases where observations made on the original
surface gave insufficient information. The
grinding and polishing steps were repeated
until all cracks origins had been determined or
until the cracks had disappearcd; this ordi-~
narily required that about 10 layers be removed.

RESULTS

Tensile Properties of T4 and F5 Ferrite

The results of tensile tests carried out on
T4 ferrite in the very coarse-grained (0.29 to
0.40 mm) and moderately coarse-grained (0.)3
to 0.17 mm) condition and on F% ferrite in a
coarse-grained {¢.23 to 0.28 mm) condition
are summarized in Figures 18 through 27.

Figures 18 and 19 show the cffect of de-
creasing test temporature on Lthe load-
elongation curves of very coarse-grainced
{(VCG) F4 and coarse-grained (CG) I'b, respec-
tively. These curves were traced from the
chart of the autegraphic recorder and are not
corrected for the elastic extension of the ten-
sile machine., This correction wasg ignored 1o
prescrve the details of the yvielding stage.

With lowering of the test temparature, the
percent elongation decreases and necking
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before fracture disappears. At the lower tem-
peraturcs, mechanical twinning, punctuated by
audible clicks, cccurs and produces a marked
effect on the vielding process. This effect is
characterized by a gradual elimination of dis-
continuous vielding. The upper yield point is
the first to disappear; the lower vield point
vanishes at a lower temperature. Figures 20
and 21 show the details of the low temparature
vielding behavior of VCG F4 and CG F5, and
Figure 22 illustrates the increased amount of
twinning with decreasing temperature in all
three serieg of specimens. The twinning be-
havior of VCG F4 and CG F5 is cssentially the
same, whareas the twinning curve for moderate-
ly coarse-grained (MCG) F4 starts at a slight-
ly lower temparature and remains lower than,
but paratlel to, the curve for the other two
series, Grain sizc appears to be the most
important variable, aside from temperature,
controlling twinning. In all cases, this twin-
ning takes place mainly within the first few
percent of elongation. A complete rcpresenta-
tion of the tensile properties of the thrce ma-
terials in the temperature range of room tem-
peraturc to -196 C is contained in Figures 23,
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24 and 25.

Yielding Behavior

The effect of temperature on the yielding
behavior can be summarized as follows:

In region I (Figurcs 23 and 24) yielding is
discontinuous and takes place entircly by slip.
e e v raamoel d e o e v R PP S

l\ﬂ) \.Wlnb alc LUU.\I\J 1]1 b})b'\.allll\jllb by Jll- Llll:’
temparature region.

In region II, which starts at -90 C for VCG
F4 and at -80 C for CG F5, twinning follows
the onset of discontinuous yiclding. Clicks
arc heard just after the upper vield point and
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they die out during the lower yield extension.
The number of grains containing twins in-
creases as the temperature is lowered in this
region.

~130°¢ Region 111 starts at about ~130 C for VOG
F4 and -140 C for GG I's. Here, the onget of
twinning and discontinuous vielding occur
almost simultancously at the high end of this
temperature range, but as the test temperature
is lowercd, twinning precedes the upper yield
point. In the latter cases, a sudden offset

or load-drop is seen at the end of the elastic
portion of the load-elongation curve, and this
is always accompanied by a loud click., At
the lower end of this tempzarature region, the
upper vicld point is completely eliminated.

~190°¢

- Oy
ERESOAEH

In region 1V, which starts at about -160C
for VCG I'1 and -170 C {or GG P5, vielding is
no longer discontinuous but is initiated by twin-
ning and progresscs by a serics of short, au-
dible load drops. 1In this region, the yicld
stress at 0.2 percent plastic clongation. The
specimens undergo strain—hardening to this
stress level by a mixture of slip and lwinning.*

The stregs at which the first audible load-
drop or offset occurs in regions IV and [II is
taken to be the twinning stressg. It can be

secn from Figurcs 20 and 21 that the twinning

stress is essentially independent of tempera-
ture. The line plotted as the twinning stress
is the average value. The scatter about thig
average 1s comparable to the scatter observed
in values of the upper vield stress at higher
temperatures. This behavior is to be expocted,
since both the onset of twinning and discon-
tinuous yielding should be quite sensitive to
localized stress concentrations. Such con-
centrationg could arise from deviations from
perfectly uniaxial loading or from slight
variations in the shape of the specimen shoul-

% The elimination of discontinuous yielding

FIG. 27. THT CHANGE IN SHAPE OF THE I'RAC- by the advent of twinning at low tempeara-

TURE ARCA WITH INCREASING TEST TEMPERA- turcs has been previously obscrved in
TURE. 3X mild steel by Erickson and Low™ .
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ders or surface smosthness. In addition, there
will be a slatistical {luctuation of the orienta-
tion and size of the grain, or group of grains,
most suitably situated to commence the vield-
ing process.

In specimens which are unloaded after the
first burst of twinning and examined under the
microcscope, almost the entire gauge section
is found to contain twinned grains. In these
specimens, twins which are stopped by grain
boundaries often initiate twins in the neigh-
boring grains. This can cause a chain re~
action occurring over large distances. From
these obscrvations we can conclude that twin-
ning is autocatalytic, that is, twinning, once
triggercd, provides the stress concentrations
required [or further propagation.

The lower vield stress and twinning stress
of VCG F4, MCG F4 and CG T'5 are plotled as

a function of d /2 in Figure 26. Since the
range of grain sizes investigated is extremely
limited for this type of plot, the resulling in-
formation is only indicative; however the fol-
lowing three points should bhe noted.

(1) The lower yield stress of the PS5 is, in
nearly all cascs, higher than would be
expected for F4 specimens of the same
grain sizc, Inasmuch as the F4 con-
tains {ive times as much carbon as TS,
this may appear curious at first glance.
However, it has been shown™ that tho
prescnce of excess carbides will pro-
mote the precipitation of carbon during
guenching of iron spoccimens, and that
the rate of precipitation of carhon during
quenching increasces as the inter-carbide
spacing decreases. Thorelore, it is not
unlikely that in the prosent materials,
which arce cooled from the austenitizing
Llemperature at approximately the same
rite, the F5 forrite would retain more
carbon in solid solotion at room tempera-
ture, and thus should have a higher
vield stross than T4,

(ii) The twinning stress increases much
more rapidly with decrcasing grain size
than does the lower vield stress. This
phenomenom is commonly observed in
b.c.c. metals. The average twinning
stress of the P5 ferrite is lower than
expected from grain size considerations
alone. The reason for this is unclear.

{iii} The VCG& T4 specimens tested at -140 C
and ~160 C appear to have lower vield
slresses that are anomalously low. It
would seem that the twinning, which
occurs during the lower yvield cxtension,
provides some of the stress concentra-
tion needed for the propagation of slip
at the Liders front, and that the applied
stress required is thereby reduced.

Fracture Behavior

The transition from ductile to brittle be-
havior for the thrce groups of specimens is
shown in Figures 23, 24 and 25. This tran-
sition is characterized by a shift from high
stress level fracture in necked specimens to
fracturc withow necking at lower stress
fevels., The curve of percent reduction in
area at the fracture closely parallels the {rac-
ture stress curve in the ductile region. The
mode of fracture changes from completely
fibrous in the ductile region to completely
cleavage in the britile region by going through
a stage ol mixed fibrous and cleavage.

The transition temperature {(Table 1D of

TABLE III. TRANSITION TEMPERATURLS

Material Grain Size (mm) Transition
Temperature
ey

F4 0.291tc 0.40 -90
rd 0.13 10 0,17 “11¢
5 0.23 to 0,28 -160

VOCG F4 ig about -90 C and that of CG T'5 is
about -160 C. This large difference cannot
be accounted for by the smaliler grain size of
I'5, since the transition temperaturce of CG
F4, which has an even smaller grain size, is
only about ~110 C. The two materials differed
significantly in the amount of iron carbidoe
which they contain. It will be seen in a later
scction that this factor provides an explana-
tion for the observed differences in fracture
properties.

The fracture stresses reported for the
necked spccimens are the load at fracture
divided by the cross-gactional area of the
fracturc. This valuc is not the true flow
stress at fracturce (boccausce the state of stress
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in the neck is triaxial) but rather it represents
only the average tensile stress across the
fracture area. Therefore, it lacks the more
fundamental significance that can be attached
to the cleavage stress of unnecked specimons,

which ig a true flow stress.

There is no corrcction available for [lat
specimens, similar to the Bridgman corrco-
tion for round specimens, which would cnable
onec to calculate the true flow stress in the
neck. Such a correction would be very sen-
gitive to the width-to-thickness ratic and
would be much morc complex than the simple
case of round specimens which neck symmetri-
cally. Figure 27 shows the shapes of fracture
cross sections found in the MCG T'5 specimens,
The se are typicat of the other series of speci~
maens.,

The fracture in the transition region in flat
specimens is different from that in round
specimens. In the latter, a fibrous void opens
in the center of the neck and converts to a rim
of cleavage as it grows in diamcter® In the
ftat specimens, a fibrous tcar usually starts
at an edge or corner and convertg to cleavage
as it progresses acrogs the specimen., This
tear is sometimes initiated at the surface by
a large cloavage microcrack which formed
earlier and then opencd up during the sub-
sequent straining.

Microcrack Studies on Fractured Specimens

The number of microcracks which appcared
on the broad surfaces of the VCG F4 specimens
was relatively easy to determine, due mainly
to the large grain size. On the other hand, in
the CG F5 specimens, the fincr grain size and
the greater ductility at low temperature {which
increased the distortion of the surface) served
to make microcrack counting morce difficult
and less rcliable. Hence, obscrvations were
alsc made on repolished surfaces as follows:
About 2 mils were removed from both sides of
the specimens by grinding on silicon carbide
paper. The specimens wore then electro-
polished for 4 minutes {which removed less
than 1 mil) and lightly etched. It was found
that the number of microcracks visible after
surface material had been removed was always
larger than the number on the original surface.
The reason for such differences will be dis-
cusscd later. Every effort was made to ensure

that a constant thickness was removed so that

ORI S Was clliQveld & L4318

the numbers of cracks reported are scli-

congistent.

Figures 28 and 29 show the numbers of
cracks as a function of test temperaturc for the
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P4 and F5 specimens, respectively,. Figure

30 indicates how these curves relate to the
tensile properties of the two materials. Fig-
ures 31 and 32 relate the numbers of cracks to
the uniform elongation of the fractured speci-
mens. In the curves for the F4 specimens, the
data obtained from the interrupted tests, which
will be described later, are included for com-
parison.

It can be seen that the curves for number
of cracks versus temperature and strain go
through maxima. These maxima occur at the
transition temperature for I'5 specimens and
at about 30 C below the transition tempera-
ture for F4. On the low temperature side of
the maximum, the number of microcracks is
more closely related to the strain at fracture
than it is to the test temperature.

The angles which the surface tracesg of

microcracks made with the tensile axis werc
In hoth F4 anrt

Lil WAL 0 alila

nnnnnnn A Fa
measzsured from photographs.

F5 spccimens there is a strong tendency for
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the cracks to lie perpendicular to the tensile
axis. An example of this is shown in Figure
33 in which 88 percent of the cracks lie with-
in 20° of the plane normal to the tensile axis.
This behavior was observed by Hahn™ in
microcrack studies in iron and mild stcel, and
it illustrates the importance of the normatl
stress in microcrack formation.
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It ig tound that the iron-carbide particles
in the fractured 4 and the F5 gpecimens are
severely fragmented. This cracking occurs
in specimens tested at room temperaturcs but
is more abundant at lower temperatures where
the ferrite matrix has a higher flow stress.
Examples of cracks in grain boundary carbides
are shown in Fiqure 34%,

* In this work, the tensile axis is parailel
to the long dimension of the photomicro-
graphs, unless otherwise noted.

Some of the carbide cracks act as the
source of cleavage microcracks in the ferrite.
Figure 35 contains examples of some of the
shorter microcracks [ormed in this manner
which appear both on and beneath the surface
of F4 and F5 specimens. The pearlite which
is sparsely distributed throughout the F4
specimens also contains cracks, which start
in the carbide envelopes around the pearlite
patches. Figure 36{a} shows a ferrite micro-
crack which started in a pearlite patch, and
Figure 36(b} shows a crack which is apparently
contained entirely in the pearlite.

Unloading Bifects in Interrupted Tensile Tests

Betfore proceeding with the interrupted
tensile tests and replication studies, it was
necessary to determine the effects of unload-
ing and room temperature aging during the
test, For this purposc, F4 specimens which
had been prepared in the carly stages of the
program werc uscd. These had been austen-
itized at 915 C for 1/2 hour and furnace
cooled, and kad a grain size of about 0.1 mm.
They were tested at =170 C, with variations
in the extent of unloading, temperaturc of
aging, and the strain from which the unload-
ing was carmried out., The results are given
in Figures 37 through 40,

The stress-strain curve of a reloaded speci-
men follows the extension of the curve for the
previous strain increment, except for a small
vield effect. Figurc 37 illustrates the yield
effect which occurred after unloading com-
pletely after 7.4 percent clongation and aging
30 minutcs at room temperaturce, A specimen
completely unloaded after 6.5 percent elonga-
tion and aged 3C minutes at -170 C exhibits
a similar, though smaller, effcct (Figure 38).
Figurc 39 indicates that complete unloading
after 12 percent elongation and aging only
one minute at -170 C reproduces the effect
obtained by previously unlocading with less
strain and aging 35 minutes at room tempera-
ture. This would not be expected if the ef-
fects were caused by the long-range diffusion
of interstitials (strain aging)}. Figure 40
shows that the effect practically disappears
when the specimen is only partly unicaded
and then reloaded.

This type of vield cffoot has been observed
in f.c.c. gingle crystals™* ™™ and in low car-
bon steel™’, Tt has been atiribuied to dislo-
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(2) - yog w4, -120°C, 10.89,
FIG. 34.
MENS, TLCST TEMPLERATURE AND LLONGATION ARE INDICATDD.
cation rearrangements during unloading™™ * in

the [.o,¢. crystals and Lo stress-induced or-
s fielde of

doring of interatitials in thoe
dislocations in the steel™ . Whatever the
cause, Lhe elfect cannot be avoided I a speci-
men is to be fully unloaded, bul it apparently
has little to do with Lhe strain-aging phenom-
anon which involves the long-rango diffusion
of golute atoms to diglocations. While the
coincidence of the stress-gtrain curves ol the
continuous and interrupled tensile tests is not
; felt to be close enough for the

exact, L ig

ProseIi

The stress—-strain curves of the Interrupted
tensile tests which were carried out in con-
junction with the surface-replicaction studics

(4} - voo ¥, -180°C, k.3%,

EXAMPLES OF CRACKLD GRAIN BOUNDARY CARBIDES IN FRACTURE I'4 AND FS SPLECI-

445%

are shown in Figurcs 41 through 45. Curves
from continuous tests are included for compari-
son. These experiments were performed on
VCG F4 specimens at -190, -180, -140 and
-90 C and on a CG F5 specimen at - 180 C.
Figurcs 46 and 47 give the positions of the
cracks observed on the T4 specimens tosted
at =180 and -140 C.

These results show that most microcracks
form during the sirain-hardening portion of the
slress—strain curve and that new cracks con-
tinue to form right up to the moment of frac—
ture. The P4 specimens iested at -90 ang
=140 C exhibit digcontinuous vielding. No
cracks are found upon unloading during the
drop-in-load, and very fow if any are presont
ut the end of the Uiders strain.
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(8) ~ VCG P4, <120°C, 10.8%, (b) - vee ¥4, -180°C, 5.0%,

(‘3) -~ CG ¥5, ~170%C, 13.8%, (a} ~ 06 75, ‘1‘? ¥ ’;‘3'%,

FIG. 35. EXAMPLES OF CLEAVAGLE MICROCRACKS ORIGINATING AT CRACKED GRAIN ROUNDARY
CARBIDES IN FRACTURED F4 AND 15 SPECIMENS. (b), {c) AND {(d) FROM REPOLISHED SPECIMENS.
TEST TEMPERATURE AND ELONGATICN ARE INDICATED. {a) 180X (b} 445X (c) 890X (d) 890X.

(s) = VCG P4, -160%C, 3.0%, 500X. (v) - voo Fh, =180°C, 4.3%, 500X.

FIG., 36. EXAMPLES OF CRACKS CONNECTED WITH PEARLITE PATGHES IN FRACTURED VCG F4
SPECIMENS. TEST TEMPERATURE AND CLONGATION ARE INDICATED.
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FIG. 37 through 40,
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FIG. 40.

STRESS-STRAIN CURVES QF INTERRUPTED TESTS ON F4 SPECIMENS AT -170C

SHOWING THE UNLOADING EFTECTS ORTAINED BY VARICUS COMBINATIONS OF AGING TEMPERA-
TURE AND TIME, EXTENT OF UNLOADING, AND STRAIN FROM WHICH SPECIMEN I3 UNLOADED.

The increase in the total number of surface
cracks with strain is shown in Figure 48 for the
T4 specimens tested at -90, -140 and -180C.
The curve appears to level-off at about 10 per-
cent elongation. This concurs with the ob-
servation of Hahn® that most microcracks in
the iron and mild steel which he studied seem-
ed to form during the first 10 percent strain.
The upper curve in Figure 48 represents the
microcrack formation behavior on the low

temperature side of the maximum {Figure 28},

and the lower curve the behavior on the high
temperature side.

It is apparent that microcrack formation is
not connected with discontinuous yielding,
per se, as would be required by the dislocation
pile-up models of crack initiation. It would
also geem that twinning is not a prime cause
of crack initiation, at least in the temperature
region above -180 C, since in these speci-
mens most cracks are formed after twinning
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FIGS, 41 through 45. STRESS-STRAIN CURVES OF INTERRUPTED AND CONTINUCUS TESTS ON F4
AND F5 TENSILE SPECIMENS AT VARIOUS TEMPERATURES. THE NUMBERS OF NEWLY FORMED
MICROCRACKS OBSERVED CN LACH OF THE TWQO SIDES {S]1 AND 52) ARE SPECIFIED FOR EACH
STRAIN INCREMENT. THE CURVES ARE TRACED FROM THE AUTOGRAPHIC RECORD AND ARE UN-
CORRECTED FCR THE ELASTIC EXTENSION IN THE MACHINE.
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FIG, 48, EFPFECT OF PLASTIC STRAIN ON THEL
NUMBLR OF MICROGRACKS FORMED ON THE
SURFACE OF VCG F4 TENSILE SPECIMLNS IN
INTERRUPTED TESTS.

has essentially ceased.

The fact that the Liders strain in these
coarse-gdrained specimens is only about 2 per-
cent probably accounts for the small number of
cracks formed at this stage. In finer-grained
specimens with a large Liiders strain more
crack formation in this stage would be expect-
ed. This type of behavior was observed in
Hahn's mild stecl specimensg®™.

The positions of the microcracks in Figures
46 and 47 indicate that more cracks form near
the edges of the specimens than in the central
portion of the broad sides. Otherwise, the

,
cracks formed in each loading increment are

more or less randomly distributed.,

Figure 49 shows the stages of formation of

a ferrite microcrack in the ¥4 specimen tested

at =180 C.

Thio el vexn s dmddiob~d o

L5 CrdCK Was inijiaeq b'y a crack
in a carbide during the second icading tncre-
ment and was stopped by a grain boundary.

The initiation of ferrite microcracks by carbide
cracking was found to be a common occurrence.

The only example of crack initiation by the
intersection of mechanical twins out of all the
specimens examined ig shown in Figure 50.
The sequence of cvents is given in the figure.
The surface scratch, marked F in Figure 50 was
originally present on the undeformed specimen
and had nothing to do with the crack formation.
The possibility exists that the crack was ini-
tiated in a cracked carbide below the surface
and just happened to be stopped at the twin
intersection, but this is highly unlikely.
Figures 50(e) and 50{f) show that the end of
the crack and the twin intersection still coin-
cide after 2 mils have been removed from the
surface by grinding.

In general, microcracks, once formed, be-
come wider but not much longer during further
straining. Some cracks, however, are ob-
served to lengthen slightly. An example of
this is given in Figure 51 which shows a
microcrack formed during the fifth loading step
of the F4 spccimen tested at =190 C (Figure
44). (In the first two steps, this specimen
was unloaded in the elastic portion of the
stress-elongation curve, and the replicas
contained no evidence of plastic deformation.)
It can be secn that the crack becomes slightly
longer in both the sixth and seventh steps, and
that it is apparently connected with the ulti-
mate fracture in the seventh step, This is a
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{a)., Replica first loading step. Crack in car-
bide at (A) has initiated twins in grain 3.
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{b). Replica second loading step. Cracks in
carbide have initiated twins in grain 3 at {C)
and (B) and a microcrack {BB') in grain 1.
Twin (D) has thickened.

{¢). Third loading step - fracturcd specimen.
Microcrack {BBR'Y has opened, causing localiz~
ed deformation in grain 2. Twins have thicken-
ed, Thickening of twin (E) has produced new

twin (F) in grain 1.

case where a pre-existing microcrack could
have been the starting point of the fracturc.
Another example of this is given in Figure 52
taken [rom specimen F4-87 (-140 C)}. Speci-
men F4-67 (-90 C) contained a similar example,
but the fractures of specimens F4-86 (-180 C)
and F5-14 (-180 C} did not pass through any
known pre~existing cracks.

In any event, because new microcracks
continue to form up to the time of fracture,
one cannot determine whether the fracturc is
initiated by a pre-existing microcrack, or
whether it ig initiated by the formation of a
new microcrack. This uncertainty prevails
even when the ultimate fracture is found to
pass through a previously observed micro-
crack., The esscntial feature of the fracture
behavior in this temperature range ig that the
stress levels at which cracks can be initiated
are lower than the stress necessary for long-
range propagation. Once a stress is reached
at which crack propagation is probable, then
it seems to matter little where the fracturc
started. This issue will be discussed later in
some detail.

Cracks are sometimes observed to form be-
neath the surface during an early loading stage
and to brecak through the surface at a latter
stage. An example of this is shown in Figure
53. Here, again, is a case of a crack length-
cning under increcased stress.

The most common barriers at which micro-
crack propagation is arrested are twins and
grain boundaries. However, it is not uncom-
mon to find microcracks whose progress was
apparently stopped by the initiation of twins
and slip bands at the crack tip. An example
of @ microcrack that initiated at a grain-
boundary carbide and stopped at a twin is
given in Figure 54, Figure 55 shows a
carbide-initiated microcrack which was ap-
parcntly converted into a twin and slip band.

Subgurtace Observations on Ground Specimens

Crack Sources

Approximately 20 percent of the cracks ob-
servced on the surfaces of T4 and F5 speci-
mens were obviously initiated by cracking of
grain-boundary carbides. The sources of the
rest were not apparent from surface observa-
tions. In an attempt tc determine some of
these scurces, selcocted specimens were ground
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A

(a1, b}, Replica first loading step. Twin (A) formed first, followed by (B} and then (C}. Accom-
modation slip band (D) formed when twin (B) hit twin (A). A similarband(E)fcrmed when twin (C)
hit twin {A) but was attcnuated after crossing twin (B). (T} is a scratch originally present. (a)
was taken under phase contrast illumination, and (b) with vertical illumination,

Replica second step. Microcrack (G} has Third stage. Fractured specimen. Micro-
formed at intersection of twins (C) and (A) crack (G) has opened.
and was stopped by grain boundary.

(e, f}). Microcrack (G) after 2 mils are removed from surface of specimen,

FIG. 50. STAGES OF MICROCRACK MORMATION AT TWIN INTERSECTION IN SPECIMEN F4-86
(-180C). a,b,c,d, f, - 400X, ¢ - 160X
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(a). Replica fourth loading step., Twins and (b
slip bands arc present, as at (A), (B) (twins) :
and {C} (shp)

Replica fifth step., Additional twins and
microcrack {D) appear.

{c). Replica sixth step. Crack (D) is slightly
longer.

(d}). Sewventh step. Tractured specimen.
Crack (D) is longer and is connccted with
fracture.

FIG. 51. STAGES QF FORMATICN OF MICROCRACK IN SPECIMEN T'4-69% (-1%0C) SHOWING
LENGTHENING OF CRACK AND CONNECTION WITH FRACTURE, 160X

step. Microcrack Fractured spec Fracturc
in third step and appears un- passes through microcrack (C).
changed here.

Z. MICROCRACK WHICH FORME
} AND WHICH LATER BECAME PA

IN°
or

H THIRD LOADING
HEL 'RACTURL IN TH

Cl
i

R

=
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{2). Replica third loading step showing twins {b). Replica fourth step. The depression has
and depression (A) caused by crack below the deepened.
surface.

{¢). Sixth step. Fractured specimen. Crack {(d). After 2 mils removed from surface the
has broken through the surface at (a). cracked carbide which initiated the microcrack
is found at (B),

FIG. 53 {a,b,c,d)., THE BREAKTHROUGH ON THL SURFACE OF A MICROCRACK FORMED IN THE
INTERIOR OF A GRAIN IN SPECIMEN F4-87 (~140 C). 160X

{a). Replica fourth loading {b}). Replica fifth loading step. {c). Sixth step. Fractured
step. Twin (A) has cracked Microcrack (B) has formed at a specimen. Microcrack (B)
the carbide in the grain boun- carbide crack (C) and has been has widened.

dary. stopped by Twin (A).

FIG. 54. EXAMPLE OF A MICROQCRACK INITIATED AT A GRAIN-BOUNDARY CARBIDE AND STOPPED
AT A TWIN IN SPECIMEN F4-87 {-140 C), 400X
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{a). Replica fourth loading
step. Crack in carbide at (A}
has given rise to a twin in
grain 1.

{b). Replica fifth loading step.
Carbide cracked at (B) causing
a microcrack in grain 1 which
has, in turn, inititated twin (C)
and slip band (D). A smaller
crack has formed in grain 2.

shialeientil

Lhahe

Frac-
tured specimen. Cracks have
opened; twin (C) and slip band
(D) have thickened, as has the
slip band at the end of the
crack in grain 2.

Twin in grain 1 has thickened.

{(d). Details of ().

{e}. Same ag (d) after I mil removed from
surface. Twin (C) goes past the microcrack
below the surface and twin in grain 1 no long

reaches the carbide at (A).

[}

FIG. 55. EXAMPILE OF A MICROCRACK WHOCSE PROPAGATICN WAS APPARENTLY STOPPED BY THE

INITIATION OF A TWIN AND A SLIP BAND.

and polighed in steps of 1 mil., This was car-
ried out on both sides of specimen F4-86
(-180 C) and one side of F4-87 (-140 C),
which had been replicated, and on one side
of F5-12 {(-170 C} which had not.

Figure 56(a}, (b) and (¢} show the sequence
of formation of a microcrack in F4-86 (-180 C)
which does not lie near a grain boundary on the
surface and which has no apparent connection
with a cracked carbide. After 2 mils are re-
moved from the surface (Figure 56{e) and (f),
the cracked carbide initiating the crack can be
seen.

In Figurce 56 an example of the generation
of slip bands by twins can be secen, as well as

SPECIMEN F4-87 (-140 C}).

a,b,c ~ 160X, d,e, 400X

the passage of these slip bands through a twin.
Although the slip bands, marked B, are indis-
tinguishable from twins on the surface photo-
graphs, the faci that they disappear after re-
polishing signifies that they are slip bands.

Further examples of carbide sources of fer-
rite microcracks which were uncovered by
grinding are given in Figures 57, 58 and 59.
The carbide source in Figure 58 lies within a
grain, rather than at the boundary, although it
may be connected with a grain boundary at
some lower level.

A summary of the crack sources on the four
specimen sides which were ground to various
depths arc given in Table IV. Side 2 of speci-
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FIG. 57. CRACK (&) ORIGINATING AT GRAIN BOUNDARY CARBIDE (B) WHICH WAS FOUND AFTELR
3 MILS REMOVED FROM SURFACL, F4-87 (-140 C). CRACK STOPPED BY TWIN, NOTE LARGE
CARBIDE CRACK (C) WHICH DID NOT NUCLEATE A PERRITE MICROCRACK,

(a). 160% (b). - 400X

FIG. 58. MICROCRACK (A) ORIGINATING AT CARBIDE (B) WITHIN A GRAIN. 2 MILS REMOVED
FROM SURFACE, F4-87(-140 C}. CRACK PARTLY FILLED WITH DEBRIS 'RCOM POLISHING.

(@). 160 X (h. 800 X

FIG. 59.

MICROCRACK {A) ORIGINATING AT CRACKLD GRAIN BOUNDARY CARBIDE (B) IN SPECIMEN F5-12
(-180 C). 1 MIL REMOVED FROM SURFACE.



men F4-86 could not be examined in depth be-~
cause of a mishap in grinding. More than 90
percent of the cracks on the other three sides
originated in cracked carbides. Most of the
rest appeared similar to the carbide—induced
cracks, except that no carbide sources were
actually found. 1t is probable that these also
woere initiated by carbides which were con-
tained in material removed by grinding. Only
one instance of crack initiation by twin inter-
section was found (Figure 50},

Two of the microcracks in the P5 specimen
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and one in F4-86, whose origin was uncertain,
may have started at a twin-matrix interface.
Examples of cracks contained within twins and
in the twin-matrix interface are shown in Fig-
ure 60. No connection between these types of
cracks and cleavage cracks in the matrix was
ever observed in these materials, although
such a connection has been reported for
chromium®®. Figure 60(d} shows a crack
formed at the intersection of two twins and a
grain boundary in an F5% specimen, This was a
fairly common occurrence in the F5 material,
but it was never observed to be connected with
a cleavagc microcrack in the matrix.

TABLE TV, SCQURCES OF MIGROCRACKS IN F4 AND F5 FERRITE.
Specimen/Side FL-86/1 Fi-86/2 Fi~87/1 F5-12/2
Test temperature -180°¢ -18u°C -140°¢ ~-170°¢C
Total number of I

cracks observed 13 46 66 34
Number which originated L .

at cracked carbide 2 23 63 25
Fumber which originated

at twin intersection o L T o
Origin not certain --

probably cracked carbide 1 3 3 7
Origin not certuin --

Ppossibly twin-matrix -— 1 -— 2

interface
Crigin completely

unidetermined due to lossg 18

of specimen in grindipng
accident
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{a}. Cracks in twins in F4-86 {-180C). 1 mil
removed from surface.

(b). Cracks in twins in F5-12 (-180 ().

4 mil removed from surface.

{c). Crack along twin-matrix interface in F5-
12 {-180 C). 1 mil removed from surface, then
specimen electropolished.

(4}, Crack formed where twins met at grain

boundary in F5-11 (-170 ).

I mil removed

from surfuce, then speccimen electropolished.

FIG, 60. CRACKS IN AND ALONG TWINS IN F4 AND I'5 SPECIMENS.

Modes of Crack Arrest

Obscrvations on the manner in which crack
propagation was arrested are summarized in
Table V. Twins and grain boundaries are the
most common barriers. More than half the
cracks were stopped by twins at some point of
their periphery.

Examples of a crack in F4 stopped by a twin
and one stopped by the initiation of slip and
twinning are given in Figures 54 and 55. An
cxample of a crack, initiated at a carbide,
which was stopped by a twin in an F5 speci-
men is shown in Figure 61. Tigure 62 shows
a crack in the same specimen which jogged
when it passed through a twin and later
through a grain boundary.

Examples of cracks as tributarics of the
main fracture arc shown in Figure 63. In (a) a

TARLE V., MODES
IN F4 AN

Specimen/Bide

Test temperature

Tolal number ol
cracks vbserved

Stopped by wwin

Stopped by grain
boundary

Btopped by both twins
and grailn boundary

Stopped by faitiation
o' 14p hands

Htopped by iniiistlon
of twins

fropped by Indtiation
ol slin and Lwing

Not certain -~ probably
initlation or siip bands

a,c - 400X,

@]
D

-

£/

Fh-f6/2

b,d - 800X

Fh-ir /1

=130

i

o

=180°C

—

-1h00

1



{a). Microcrack {(A) stopped by twin (B} in CG

F5 specimen. 1 mil removed from surface.

400X

(b}. Cracked carbid (C) source of microcrack

(A). 2 morc mils have been removed. 800X

FIG. 61. CRACK 'ROM CARBIDE STOPPLD BY

ATWIN IN I'5-12 (-170 C).

FIG. 62, JOGS IN CLEAVAGE CRACK PASSING
THROUGH A TWIN (A) AND GRAIN BOUNDARY
(B}, SPECIMEN P5-12 (~170 C).

MOVED FROM SURTACL,

400X

5 MILS RE-

_3(}_

(a). Crack (A) strikes twin {B), runs a short
way along the twin boundary, then switches to
a cleavage plane (necarly parallel to the tensile
axis) and is finally stopped by twin (C). 8
mils removed from surface,

{b). Crack (M) hits grain boundary and opens
it at (N} beforc coming to rest. 5 mils re-
moved from surface.

FIG. 63. MODES OF ARREST CF TRIBUTARY
CRACKS FROM MAIN I'RACTURE IN T4-46
(-180 C). 160X

crack was diverted 90° into a direction nearly
parallcl to the tensile axis when it hit a twin.
In (b} a crack was stopped by a grain boundary
which was partly opened. Both types of be-
havior have also been observed in microcracks
away from a fracture.

lengths of Cracks

The lengths of the microcracks observed in
the ground specimens arc summarized in Fig-
urcs 64 through 67. (The F4 specimens had
becn step-loaded and replicated; the F5 speci-
men was loaded continuously without replica-
tion.) It can be seen that most cracks are
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FIG. 65, LENGTHS OF MICROCRACKS ON SIDE
2 QF F4-86 INDICATING LOADING STEP IN
WHICH MICROCRACKS FORMED, TESTED AT
-180 C IN 3 STEPS.

equal to or less than the diameter of the grain
in which they form. (The grain diameter refer-
red to in thege figurcs means the diameter of
the grains in which the cracks are located;

not to the average grain size of the specimen.}
Specimen F4-87 (-140 C)} has more cracks of
1-2 grain tengths than the specimens tested at
lower temperatures. This may be a result of
the smaller amount of twinning at this tempera-
ture {see Figure 22) which mcans that there are
fewer crack barriers.

The data for the F4 specimens show that
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FIG. 66. LENGTHS QF MICROCRACKS ON

SIDE 1 OF F4-87 INDICATING LOADING STEP
IN WHICH MICROCRACKS FCRMED, TESTED
AT -140 C IN 6 STEPS.
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FIG. 67. LENGTHS OF MICRCCRACKS ON
SIDE 2 QF F5~12. TESTED AT -170 C IN 1

STEP.

the microcracks formed in the early steps tend
to be short and that the longer cracks tend to
be formed in the later steps. However, since
about half the cracks formed in the later steps
are less than one grain diameter in length,

we cannot say that the tater-formed cracks
tend to be longer.

Occasionally, microcracks formed before
the final loading stage are found to have prop-
agated through several graing. TFigure 68 shows
two long cracks on a level 4 mils below the
original surface of specimen F4-86 (-180 C) as
formed in the second of threc steps. Both
cracks lie in 4 grains. Both come from cracked
carbides, and they are joined by a ductile tear
farther down in the specimen. The orientation
of most of the grains through which the cracks
pass appears to be nearly the same, as seen
by the twin traces and etching characteristics
of the grains. This would help cxplain the
unuzually long propagation. Aithough quite
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FIG. 68. TWO LONG CRACKS WHICH PASS
THROUGH A GROUP OF GRAINS HAVING NEARLY
THE SAME CRIENTATIONS. UPPER GRACK CAME
FROM A CARBIDD AT (A); LOWER CRACK FROM A
CARBIDE AT (B). THE CRACXKS ARL JOINED AT(C)
DELCPER IN THE SPECIMEN, P4-86 (-1800).
CRACKS FORMED IN SLCQOND STEP. 4 MILS
REMOVED FROM SURFACE. 160X

long, this chain of cracks did not propagate
further and was located more than an inch away
from the fracture.

In contrast to the behavior shown in Figure
68, cascs are also found where several cracks
lic in one grain. An exampile is shown in Tig-
urc 69, All of the cracks in this figure origi-
nated from cracked carbides found during sec-
tioning .

The Number of Microcracks in the Interior
of Ground Specimens

The number of microcracks observed on an
internal surface of a ground specimen is always
greater than the number observed on the ox-
ternal {original) surface:. Examples of this are
shown in Table VI

FIG. 69. FOUR MICROCRACKS LYING IN ONT
GRAIN. ALL CAME FROM CRACKS IN CARBIDE.
RIGHT-MOST CRACKS ARD JOINTD LOWER IN
SPECIMEN. F4-806 (-180 C) 9 MILS REMOVED
'ROM BURTACE. 160 %

Part of this increasc is easily explained.
On the external surface we see cracks which
come from carbides lying on or below the sur-
face., On an internal surface we see cracks
which come from carbides lying on, bclow or
above this surface. Thug, we may expecl a-
bout a two-fold increase from this factor alone.

Some of the increasc could also be due to
a larger amount of carbide in the interior than
near the surface, This situation, which was
cobvious in some specimens, could have re-
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TABLE VI. INCREASE IN NUMBER OF CRACKS
OBSERVED WHEN MATERIAL WAS REMOVED FROM

THE SURFACES OF FRACTURED SPECIMENS BY
GRINDING.
Agount of maeterial

removed from origlinal
surface

Mmber ot eracks
nhuerved

Specimen
Ph-96 (-150°0) none N
short plece, side ]
(approximately 2500

10 mii= 7
grains) = e

Fi-86 (-180°¢) nonc 11
short pieee, side @
(approximately 2500

0 omils &
graing) L0 mil 2

=12 (-170°C) none 3
long plece, side @
{ approximately

o 2
13000 grains) 2 mils 2k

10 mils i5

sulted from either non-homogeneous carbon
distribution in the as-received material, or
more probably, to decarburization during heat
treatment. Although the heat treatments were
carried out in a dry argon atmosphere, it is
likely that some amount of decarburization did
occcur. Because of the initially low carbon
conient of these materials, a small amouni of
decarburization would be hard to detect.

The Role of Carbides in the Ductile-Fracture
Region

The role of cracked carbidesg in the fracture
of the PCG P4 and CG F5 specimens above the
transition temperature can be seen in Pigures
TG, 71 and 72.
mented grain-boundary carbides provide the
sites for the formation of large voids. The size
of these voids increases with the extent of
necking {Figurc 71), and they provide a path of
weakness through which fracture can occur by
the rupture of the intervening material, whether
by cleavage or by fibrous tearing. The con-
nection of the voids with the cracked carbides
is clearly shown in Pigure 70. The carbides
tend to become strung-out in the tensile direc-
tion in the neck, reminiscent of the appcarance
of inclusions in rolled or drawn materials. The
voids formed at the cracked carbides play the
same role as the voids formed around inclusions
in the ductile fracture of copper™’. The deep
cavities in the sponge-like fibrous fracture sur-
face are undoubtediy due to some of the larger
holes from the cracked carbides,
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Figure 72 shows that the voids forme

5 ferrite are much fewer in number and smaller
in size than in F4, even in a specimen which

in

joR

has undergone a larger reduction of area in the
neck,. The large amount of void formation in
the necked F4 specimens causes them to frac-

ture at a lower stress and to exhibit a smaller
reduction in area,

DISCUSSION OF RESULTS

It now appears certain that in F4 and F5
ferrite, cleavage cracks are initiated by the
cracking of iron carbide, either at ferrite grain

boundaries or within the grains themselves.
The brittle carbideg crack under the influence

of the tensile and bending stresses imposed
upon them by the plastic deformation of the
ferritic matrix. Webk and Forgeng™ have
estimated the elastic modulus of cementite to
be 24.6 x 107 psi, which is less than the value
for iron, 30 x 10° psi. They found that 1 to 2
w crystals of Fe,C, which were extracted from
steel, could be bent to strains of 2 to 5 per—

cent before fracturing in a brittle manner. In
view of this

VICW DL LSy

we would not expnect the narbide
we would not exXpect the carbldes

to crack during the elastic deformation of the
ferritic matrix, and this agrees with the present
observations. (The thickness of typical
grain-boundary carbides ranges from about 1

to 3pinF5and 2 to 10y in F4.)

Carbides are found to crack at all tempera-
tures from room temperature to -196 C, with
the cracks tending to lie normal to the tensile
Toc examine this cracking more closely,
the F4 specimen which was unloaded during
the load-drop at vielding at -90 C was exam~
ined via a replica. It was found that carbide
cracking occurs even al this strain of much
less than 2 percent, as compared with the 2 to
5 percent fracture strain of the isolated car-
bides. The lowest estimate of the fracture
strength of the isolated cementite, given by
Webb and Forgeng, is more than an order of
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stress which causes cracking of the carbides
contained in the ferrite, Thus, a stress con~
centration of at least a factor of 10 must be
exerted on the carbide by the plastic deforma-
tion of the ferritic matrix to account for the
cracking of the carbide. A calculation of the
stress acting on any given carbide would be
quite complex. One would expect it to depend
on the size and shape of the carbide, the
orientation of the carbide with respect to the
tensile axis, the orientation of the ferrite
grains adjoining the carbides, and the tem-



{a}. Veilds from cracked carbide in neck of P4
=100 {-90 C) near fracture. 32.3% reduction in
area.
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(a). Voids in neck of F4-100 (-90C) 32, 3%
reducticn in area. Note cracked carbides at
(A) and cleavage cracks at (B). Fracturc
about 10% fikrous.

(by. Large void from cracked carbide in neck
of F4=102 (=70 C) near {racturc. 70.0% reduc-—
tion in area.

FIG, 70. VOIDS FROM CRACKED CARBIDES

IN NECK OF VvCG F4 SPECIMENS,

APPROXIMATELY TCO HALF-THICKNESS.

DATTRITY
MDA LN 1Y

200X

perature {which would determine the character
of the deformation of the ferrite). In addition,

At 2 et o T ~fF 11N
stress concentrations of at least a factor of 10

would be expected at the head of large slip
bands or twins which impinge upon the car-
bides. The Zener mode!l (Figure 1a) could well
bhe applied herc.

It may also be that Griffith-type flaws

. . : '
{b). Voids in neck of F4-101 {-80 C} 58.4%
reduction in area. Fracture about 35%
fibrous.

P R S g 'Y 3
(¢). Voids in neck of F4-102 (-70 C) 70.0%
reduction in area. Note increase in size of
holes from cracked carbides as strain in the
neck increagses, Fracture about 959 fibrous.

FIG, 71. VCG F4 SPECIMENS GROUND APPROX-
IMATELY TO HALF-THICKNESS, UNETCHED.
TLNSILE AXIS VERTICAL., 36X
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FIG, 72. NECK OF F5-21 {-110 C) 83.0% RE-
DUCTION IN AREA SHOWING ONLY A PEW
SMALL VOIDS, LONGITUDINAL CLEAVAGE
CRACK AT (A). TRACTURE ABOUT 60% TIBROUS.

CGROUND APPROXIMATELY TC HALF THICKNESS.
40X

exist on the surface of carbides formed in
ferrite. Since the electrolytic extraction used
by Webb and Torgeng probably dissolved some
of the surface laver which would contain these
flaws, we might then expect the isclated car-
bides to exhibit a higher strength.

It should be noted that the cementite-
ferrite interface is apparently guite strong and
was rarely seen to be opened up, even in car-
bides extending normal to the tensile axis.
Figure 34(c) shows that cracking of the ce-
mentite is at least as easy as splitting of the
interface.

The formation of a cleavage crack in ferrite
may be visualized as follows: a crack is form-
ed in a cementite plate. Since the carbide is
a brittle material, the crack can be construed
as a true Griffith crack while it is in the car-
hide. When the crack arrives at the carbide-
ferrite interface, one of two possible situations
will arigse., If the ferrite ig unable to respond
by plastic flow to the stress concentration at
the tip of the carbide crack, it will view the
carbide crack as a Griffith crack. Considering
the ferrite as a brittle material, for the moment,
we can apply the Griffith cquation for the planc
sirain case:

o = ZE')ZJ
w{1-v )c

Using the average cleavage strength of iron
single crystals® as 3 x 107 dynes/cm® °! and
taking £ =2 x 10'® dynes/cm® and y = 10°
erg/cm®, we find that 2c, the critical Griffith
crack size, is about 3 p. This is the thickness
of the larger carbides in F5 ferrite and of the
smaller carbideg in F4. If the crack in the
carbide is long enough, it will enter the fer-
rite and propagate until it hits a barrier strong
enough to stop it, or until the relief of stress
{and absorption of energy) by slip or twinning
cccurs ahead of the crack.

If the ferrite is able to deform plastically
at the moment when the carbide crack reaches
the interface, then the Griffith equationwill not
apply and no microcrack will form**. Thus,
the formation of a cleavage microcrack is seen
to be a statistical event. This is evidenced by
the very large number of carbide cracks and the
relatively small number of microcracks s2en in
the specimens tested. It should be noted that,
in thig picture of microcrack formation, a car-
bide crack causes cleavage in ferrite either at
the instant it reaches the carbide-ferrite inter-
face, or not at ali.

TABLE VII. CRITICAL CRACK SIZE FOR F4 AND F5

FERRITES AT THE TEMPERATURES WHERE MICRO-
CRACKS ARE FIRST OBSERVED.

Temperatures ai which
microcranks are

Actual

Lower yield siee of
Materinl First observed °C stress (pei) Zelu carbides (W
VG be =T et 5.0 2 ta 10
a0 FY T4 55,950 e 1+tn 3

= This ig also about the stress at which
microcracks form in the F4 and F5 poly-
crystais. To be more exact we may assume
that the first microcracks form at about the
lower vield stress, and use this to calcu-
laie the critical crack size at the tempera-
ture where microcracks first are observed
in F4 and F5. This is done in Table VII. It
can be secn that 2¢ is about the thickness
of an average carbide.

The word "microcrack" is used only to
denote a cleavage crack in ferrite; it is
not used to refer to a carbide crack.



—45-

There certainly must be a lower limit of
carbide thickness, below which ferrite micro-
cracks are not likely to be initiated by carbide
cracks. However, a long carbide crack wiil
not always form a microcrack more readily than
a short one. This is shown in Figure 57, in
which a short carbide crack has formed a fer-
rite microcrack, while a much longer one has
not. Clcavage in ferrite depends on the right
conditions existing at the right time, which
was apparently not the case for the leng car-
bide crack in Figure 27.

Clearly, it is not necessary to resort to
mechanisms involving dislocation interaction
to account for cleavage initiation in the ma-
terials studied. In addition, it can be seen
that twin intersections, which can be impor-
tant in single crystals, are of relatively little
importance in these polycrystalline ferrites.
This conclusion is supported by the following:

(i) out of the several hundred ferrite micro-
cracks observed, only one actually
originated at a twin interscction;

(ii} the twinning behavior of ¥4 and F5 ferrite
is esscntially the same, while the micro-
cracking behavior is quite different;

(iii) in the replicated specimens the majority
of the microcracks are [ound to form after
twinning has essentially ceased;

(iv) at low temperatures the numbor of micro-
cracks formed in fractured specimens
decreases, while the amount of twin-
ning continues to increase.

For the above reasons, the mcechanism of
cleavage initiation by the interaction of dis-
locations cmitted by twing, as proposed by
Sleeswyk®™’, likewise has little or no relevance
to these materials.

It might be noted that Sleeswyk used the
peak in the microcrack frequency versusg tem-
perature in the "coarse-grained mild steel”
{see Figure 8) tested by Hahn™, in the justi-
fication of his theory. This material was
actually Ferrovac E containing 0.039 percent
carbon, and was furnace cooled from the
austenitic region; therefore, it was quite
similar to the F4 ferrite. The microcracks in
this material must have come from cracked
carbides, and so the peak in the curve has
nothing to do with emmissary dislocations.

Sleeswyk also concludes from his model that
the twinning stress of a material will be 94,3
percent of the brittle fracture stress. This is
not even approximately the case in the results
obtained here.,

The amount of carbide cracking increases
with increasing gtrain. The likelihood of
formation of microcracks from carbide cracks
increases with increasing applied stress, and,
thus, with decreasing temperature {(as the vield
stress rises). As temperature continues to de-
crease, the f{racture strain decreases, that is,
the stress required for long range microcrack
propagation is reached at a smaller strain, and
the specimen fractures. Therefore, two con-
flicting factors operate in microcrack formation
as the temperature is lowered: increasing
stress and decreasing fracture strain. This
situation might well be expected to give rise
to a maximum in the number of microcracks ob-
served. Maxima are indeed observed in Fig-
ureg 28 and 29 for T4 and F5 ferrite, and
similar maxima have been found by Hahn™ and
Sullivan™ in ferrite and mild steel, The de-
pendency of the number of microcracks on the
fracture strain on the low temperature side of
the maximum can be most clearly seen in Fig-
ures 31 and 32.

Since the carbides in F5 are thinner than
those in F4, the ferrite microcracks in F5 are
first formed at a lower temperature {and higher
stress level) than in the F4. Since the car-
bides in ¥5 are much fewer in number, there
should be fewer microcracks in this material.

The Conditions for Brittle Fracture—-Comparison
of the Tensile Behavior of F4 and TS Ferrite

Cleavage fracture of a polverystalline ag-
gregate occurs when a microcrack forms and
is able to propagate initially along a path of
low resistance. A low-resistance path could
be a group of grains of abnormally large size,
or a group of grains of nearly the same orien-
tation (so that their cleavage planes are more
or less aligned), or a group which contains
relatively few twins which can act as barriers
0 cleavage. After propagating a certain dis-
tance along this path, the microcrack must be
moving at a high enough velocity that it can
penetrate barriers of high resistance. In order
for ultimate cleavage fracture to occur, two
conditions must be fulfilled. First, there must
be cnough sources to give a sizable probahbil-
ity that @ microcrack can be initiated in the
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vicinity of a low-resistance path. Secondly,
the applied stress must be high encugh for a
microcrack to penetrate regions of high resist-
ance at the end of a low-resistance path.

The length of the low-registance path in
which the [racture starts must be greater than
one or two grain diametcrs, since microcracks
of this length can form at the approximate level
of the fracture stress without propagating.
Furthermore, non-propagating microcracks of
greater length have been observed. One of the
longer low-resgistance paths is shown in Fig-
ure 68. In specimen F4-86 tested at ~180 C
(see Figure 65), four microcracks, each pass-
ing through four grains, were formed in the
third loading step {during which fracture occur-
red}. These microcracks were guite thin and
were apparently newly formed at the time of
fracture. One or more of these microcracks
may have been supercritical at this stress and
it is possible that one of them would have
caused the fracture, had it not alrcady occur-
red elsewhere.

The microcrack which starts the fracture
process in the F4 and IS5 ferrite nced not come
directly frem a carbide crack. It could be
initiated by a microcrack that is already
present; that is, an existing microcrack may
act as a built-in notch. However, whether the
final cleavage is initiated by an existing micro-
crack or directly by a carbide crack, the prob-
ahility of fina! cleavage will increase with the
amount of carbide present because cracks in
the latter are also rosponsible for the formation
of microcracks.

If the tensile stress on the specimen 18 too
low for propagation, but the number of crack
gources is high, we will find many non-
propagating microcracks, as in the F4 speci-
mens before fracture., If the tensile stress is
high enough, but the number of crack sources
is too small, we will find that the material is
ductile, as in the F5 specimens above -160 C.
At temperatures below -160 C in the CG F5
specimens, the applied stress is high enough
{(because the vield stress has been raised) so
that even the fine carbides in this material can
act as crack starters, and brittle behavior sets
in.

Since plastically deformed but unfractured
specimens arc observed to contain micro-
cracks, we are at first tempted to conclude
that crack initiation does not control the

brittle fracture process. However, this con-
clusion appears to be too simple. The initia-
tion event can be the comrolling step, but only
when it occurs under conditions suitable for
propagation. We could say that the probability
of brittle fracture equals the probability of ini-
tiation, times the probability of propagation,
and that when either of latter probabilitics is
low, the probability of brittle tracture will be
low. As will be pointed out below, the P4 and
F5 materials seem to have approximately the
same propagation tendencies.

The difference in tensile behavior between
F4 and F5 ferrite is shown by the load-
clongation curves and the reduction In area
curves in Pigures 73 and 74. From the similar~
ity of the vield stress, grain size, twinning be-
havior, and shapes of the stress-strain curves
of the two materials, we may assume that the
probability of crack propagation at any given
stregs and temperature is about the same in
the two cases. Accordingly, the difference in
fracture behavior may be rationalized in terms
of the number and size of carbides which are
available for initiating cracks.
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FIG, 73. COMPARISON OF LOAD-ELONGATION
CURVES OF VCG F4 AND CG F5 FERRITE.
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In Figure 73 the F4 and F5 load-elongation
curves are superimposcd for four temperatures.
The eriginal cross-sections of these gpecimens.
are the same within about 3 peorecent and arc
given in Table VIII. Initially the curves are
alike at each temperature; however, the con-
ditions for cleavage, described above, are
reached in 4 before necking can occur. In
the F5 at the higher temporature, no micro-
cracks form in the ferrite because the stress is
too low for the cracks in the thin carbides to
be effective, and the specimen is completely
ductile. At the two middle temperatures,
cracks start to form in F5, but they are so few
in number that the first condition {page 45 ) is
not fulfilled. At the lower temperature the
stress level is high encugh that both conditions
are fuliilled in F5. Thusg, we can see that, at
the three higher temperatures, the tendency for
brittleness is determined mainly by the carbide
content and carbide morphology.

The difference in ductility shown in Figure
74 can be explained for the whole range of
temperatures. In the ductile region, the greater
carbide content in F4 gives rige tc the formation
of more and larger voids in the neck of tensile
specimens, leading to lower fracture strength
and less reduction in area. In the transition
region, the low number and small size of

TABLE VIII. ORIGINAL CROS35-SECTIONAL
AREAS OF SPECIMENS REFERRED TO IN FIG. 73

Temperature Specimen Area of original
{°C} number cross section (in,”)
-180 T4-92 0.0302

F5-11 3.0285
-160 F4-94 0.0301
Fh-13 0.0300
-140 F4-88 0.0308
F5~-19 0.0298
-120 F4-97 0.0291
F5-22 0,030]

carbides causc the F5 to remain ductile at lower
temperatures, since the probability of micro-
crack initiation remains small. In the brittle
region of both materials, the small carbide

size means that the specimens must work
harden to a higher stress level for fracture to
take place, and the reduction in area will ke
larger.

The transition from ductile to brittle be-
havior in cach material is secn to occur just
below the temperaturc where microcrack forma-
tion first takes place. The difference in tran-
sition temperaturc between F4 and T'5 (-160 C
versug -90 C) corresponds closely to the dif-
forence in temperature at which microcracks
start to form (-140 C versus -70 C). It may
be noled that in this analysis, the temperature
of the maxima in the microcrack-temperature
curves (Figures 28 and 29) has no direct con-
nection with the transition temperatures.

Since cleavage fracture, as described here,
is of such a statistical nature, a fair amount
of scatter is expectied in the valves of cleav-
age stress and total elongation. This scatter,
as seen in Figure 23, is one of the hallmarks
of brittle fracture.

The transition in fracture mocde from com-
pletely fibrous to completely cleavage is more
complex in flat specimens than if is in round
specimens. In the transition region, where
the fracture appearance is partly fibrous, the
fracture siarts with a ductile tear, which is
usually initiated at an edge of the specimen,
Sometimes the tear starts at @ microcrack which
has widened during the formation of the neck.
As the tear progresses across the specimen, it
converts to cleavage. QOccasionally the ductile
tear starts in the center of the gspecimen or at
the center of one of the broad faces. In these
cases the switch to cleavage occurs as the
tear progresses toward the cdges. The com-
pletion of the transgition to complete cleavage
does not always coincide with the digsappear-
ance of the necking phenomenon. Complete
sleavage fracture has been ohserved in necked
specimens of F4 ferrite, and it probably would
also have been observed in Fb5 ferrite, had more
specimens been tested.

The Role of Twinsg in Crack Propagation

1t was shown in the previcus chapter that
twins can provide effective barricrs to crack
propagation. Therefore, it would seem that an
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increase in the number of twins in a specimen
would act to reduce the effective grain size,
as far as fracture is concerned. A twin, after
all, is a kind of grain boundary, and a thick

twin may even be viewed as a double boundary
twinl Mmay even oo view a Qoun:e bounadry.

Unless a {1001 cleavage plane in the twin is
aligned with the plane on which the cleavage
crack is moving in the matrix, the cleavage
crack would be forced to become skewed upon
both entering and leaving a thick twin, Honda
has pointed out {private communication) that
in a b.c.c. single crystal with the tensgile
axis in the vicinity of [100], the cicavage
plane is coherent with a 11007} plane in the

Fuazin hich form. so that these twins will not
W15 winlcn iorm, sO indl ulese twins wini

be the most effective barriers, but this would
not be the case, in general, in a polycrystal.

It has been shown by Gengamer and Weiner™

that a decrease in the spacing of twins in zinc

-1/2
single crystals produces the same "d /2 in-
crease in cleavage stress as the decrease in
grain size in a polycrystal.

The work of Rosof”® has provided a rather
startling demonstration of the importance of
twing in the ductile-brittle behavior of iron
polyerystals, This is shown in Figure 75. In
the present work it was found that in a VCG
F4 specimen tested at -110 C, about 60 per-
cent of the grains would contain twins and the
specimen would fracture by cleavage after
about 16 percent elongation. Rosof found that
a room temperature prestrain of 2 to 3 percent
would suppress all twinning at lower tempera-
tures, except for those preduced by the frac-
ture itself, When a prestrained specimen was
tested at -110 C immediately after the 3 per-
cent prestrain, it failed by cleavage after only
3 percent elongation (Figure 75a), A similar
specimen was strained at -160 C and unloaded
after the first burst of twinning, and was ob-
served to contain twins over the entire gauge
section. It was immediately warmed to room
temperature and prestrained to suppress fur-
ther twinning and to give it the same starting
point (except for the twins) as the other speci-
men. When then immediately tested at -110 C,
the specimen containing the twing was quite
ductile, with 39 percentelongation and a partly
fibrous fracture (Figure 75(b). Judging from
the appecarance of the fracture and the shape
of the load-elongation curve, the transition
temperature was lowerced by about 30 C by
the presence of twins. Thus, it can be seen
that twins, instead of causing brittle fracture,
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can actually prevent it in some cascs.

The increase in cleavage stress in the VGG
F4 ferrite between -90 and -160 C (Figure 23)
is probably caused by the increase in the
number of cleavage barriers due to the twins
formed in this temperature range (Figure 22).

This behavior is not seen in CG F5 because the
latter is ductile in this temperature range for

reasons previously explained. Below -160 C
the cleavage siress decreases for both mate-
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rials. Here the applied Stress 1s so high that
the increase in the number of twins is not able
to offset the increased probability of long~
range propagation. The higher cleavage stress
in F5 is mainly due to the fineness of the car-
bides, i.e., a higher stress is needed to make
the smaller carbide cracks become critical
Griffith cracks.

The decreasc in cleavage stress of both r4
and F5 in the temperature range below -160 C
is a result of the increasing difficulty of slip
at low temperaturcs. As the temperature ig
lowered, the probability that carbide cracks
will initiate microcracks increages and the ap-
plied stress necessary for the microcracks o
benetrate high-resistance regions decreases.
This leads to the decrease in fracture strain
and fracture stress. The maximum in the cloaw
age stress in the P4 specimens isg caused by the
canflicting tendencies of an increased amount
of twinning and a decreasing ease of slip,

Applicability of these Rosults to other Matorialg
pplic ¥ w2t ROSUILS o otner Materials

It is pertinent to asgk how the experimental
findings and explanation of brittle fracture,
presented in thig work, relatc to the ductile-
brittle behavier of mild steel. Aside from
grain-size control, the two most effoctive
means of reducing the transition temperature
of steel arc the addition of manganese and
fast cooling from the hot-working or normali-
zing temperature. We are now in a position to
explain the reasons for this in torms of carbide
morphology.

It has been shown by Allen ot 4] that the
addition of manganese inhibits the formation
of carbide films in grain boundaries and a-
round pearlite patches, and that mangane se
tends to change the shape of the carbide in
bearlite from plates to nodules. The latter of-
fect has also been shown by Hahn et al®,
Recs et al'™ reported that manganese does not
improve low temperature toughness if iron ig
essentially free of carbide, In addition it has
long been known that fagr cooling rates pro-
duce finer pearlite and inhibit the tendency to
lorm carbide films, In general, we should
expect that anything which refines the size of
the carbide particles will lower the ductile -
brittle transition of steel. This could account
for the very low transition temperaturcs of
quenched and tempered steels,

Since voids from carbide cracke reduce the

fracture strength above the transition tempera-
ture, we should expect manganesc and fast
coeling to improve thig property, also. The
beneficial effect of manganege in this regard
has been demonstrated by Hahn ot al®, and
Sullivan™ has shown that fagst cooling im-
proves the ductiie strength of mild steel.

It 15 not meant to imply that carbide crack-
ing is the only mechanism of crack initiation
in iron. Non-metallic inclusions, if present
and of sufficient size, could gserve just ag
well. Normalized steels made by vacuum
melting of fairly pure starting materials have

‘been found to have a lower transition tempera-

ture than commercial steels of similar nominal
composition™ "2

On the other hand, even if ali brittle phases
were removed, iron may become brittle at some
still lower temperature and high stress level,
particularly if interstitial impurities are present
in solid solution. In this case the crack might
be initiated by a twin intersection, or even by
a sglip~band intersection. Here, the stress
level for crack initiation could well be greater
than that hecessary for propagation; if 50,
microcracks would not be found. It should be
noted that Smith and Rutherford™ have found
that polycrystalline specimens of zone refined
iron are ductile at 4,2 K, It is not known
whether gsingle crystals of this purity would
exhibit similar ductility,

SUMMARY AND CONCLUSIONS

The mechanical-twinning behavior of F4
(0.035 percent carbon) and F5 (0.007 percent
carbon) ferrite can be summarized as follows:

(i) The temperaturc at which mechanical
twinning is first observed decrcases as
the ferritic grain size decreases,

{ii) The number of grains of ferrite containing
twins increases ag the test tem Perature
is lowered.

(iii} Most twinning takes place during the
first few percent of elongation, and at
lower temperaturcs twinning causes a
disappearance of the discontinuous
vielding phenomenon.

{iv) The stress for the onsct of twinning is
esgentially independent of temperature,
but it increases with decreasing grain
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size much more rapidly than does the
lower vield stress; the slope of the line
representing the twinning stress in the

1/2

stress versus d plot is about 7 times
greater than the slope of the yield-stress
line.

A small yield drep is observed when a spec-
imen is reloaded after being unioaded in an
interrupted tensile test. The magnitude of the
effcct depends on the extent of unloading,
being largest when the load is removed com-
pletely. This effect has been observed by
others in both f.¢.c. and b.c.c. metats and
is apparently not connecied with strain aging.
Aside from this yield effect, the stress-sirain
curve of a specimen tested at low temperatures
is essentially unchanged by unloading and re-
loading, even with in-between aging at room
temperature for times up to about 30 minutesg.

The tensile properties of polycrystalline
iron in the ductile, brittle, and transition-
temperature regions can be profoundly affected
by changcs in the amount and size of iron-~
carbide particles present. The carbides con-
tained in the F4 and F5 ferrite, mainly as grain-
boundary precipitates, crack during plastic
deformation in tension at temperatures ranging
from room temperature to -196 C. The role
which this carbide cracking plays in the frac-
ture of iron can be described as follows:

(i} In the ductile and transition temperature
regions, cracks in carbides lead to the
formation of voids as the cracks open up
with increasing strain. The void [orma-
tion is especially pronounced in the
necked region of the T'd ferrite and leads
to lowering of the fracture siress and
reduction-in~-area values. The tendency
for void formation is greatly reduced in
the F5& ferrite because the carbides are
fewer in number and smaller in size.

(i) In the britile temperature region, carbide
cracks initiate cleavage microcracks in
the ferrite, which can eventually lead to
cleavage fracture. Virtually all ferrite
microcracks observed in F4 and Fb were
originated by carbide cracks.

(iiij) The initiation of micracracks by carbide
cracks can be understood in terms of the
Griffith theory of crack propagatiion in
brittie materials by considering that the
ferrite has a statistical probability of be-

having {locally} as a brittle material,
i.e., that the ferrite will fail to respond
to a carbide crack by plastic relaxation.
The highest temperature at which micro-
cracks can be observed increases with
the thickness of the carbides, since the
stress level necessary for microcrack
formation is reduced as the carbide crack
length increases. Both carbide cracks
and ferrite microcracks tend to lie normal
to thetensile axis.

The chservations regarding microcrack form-
ation and propagation in the ferrite can be
summarized as follows:

(i) Microcracks appear mainty during the
strain-hardening region of the stress-
strain curve. The number of micro-
cracks increases with increasing strain,
and they continue to form up to the mo-
ment of fracture.

(ii) Microcrack propagation can be stopped by
grain boundarics, twins, or by the forma-
tion of slip bands and/or twins at the tip
of the advancing crack. Twins lying a-
cross the path of cracks c¢an act as ef-
fective barriers, and an increase in the
twin content of a specimen behaves much
like a decrcasc in grain size, as far as
crack propagation is concerned. Ac-
cordingly, the presence of twins can
significantly raise the cleavage stress

and increa
crea

)]

nd in se the ductility of ferrite

Gui ity QL 1T .

(iii1) Microcracks generally become wider, but
not longer, as straining of a tensile spec-
imen continues, although crack lengthen-
ing is coccasionally observed. Sometimes
the final fracture passes through an exist-
ing microcrack; in such cases, it was not
possible to determine whether the frac-
ture had been iriggered by the microcrack
acting as a sharp notch, or whether the
fracture started elsewhere and passed
through the existing microcrack by co-
incidence.

(iv) Microcracks arising carly in the strain
history of a specimen tend to be short,
whereas the longer microcracks tend to
be formed later. However, later-formed
microcracks may be long or short with
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{¥) The number of microcracks observed in
& fractured spccimen goes through a
maximum when plotted against tempora-
ture due to the opposing tendencies of:
{a} increasing probability of microcrack
formation with decreasing temperature
(increasing stress for a given amount of
strain} and {(b) decreasing fracture strain
caused by the incrcase in probability of
microcrack propagation with decreasing

Sl Al agyaLzul WL

temperature .
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of even less significance in commercial
steels which have a much finer grain
sizo.

It is postulated that cleavage iracture in
F4 and F5 ferrite occurs in the following man-
ner: A microcrack is initiated by a carbide
crack and is abie to propagate along & path of
low resistance for a distance large enough for
the crack to attain the velocity required for
the penetration of barricers of high resistance.
A low-resistance path may be a group of grains
of abnormally large size or with a similar
crientation of cleavage planes. The conditions
under which cleavage fracture can occur are
(1} the density of crack sources, €.d9., car-
bides, must be large enough so that an active
source will have a high probability of lying in
a low-resistance path, and (2) the applied
stress must be high enough to allow the propa-
gating crack to penetrate regions of high re—
gistance without stopping.

It is suggested that the lowering of the
ductile-brittle transition temperature of mild
steel by manganese additions and by normal-
izing results from the refinement of the iron
carbide which these treatments bring about.
The increascd fracture strength and ductility

e tha tromoitimn P ATt [T

above the transition temperatiure secems o be
caused by the same cffect.



_‘52',.

REFERENCES

1.

L

10.

11.

12.

14.

15.

Ludwik, P., Elements der Technoligische
Mechanik, Berlin (1909).

Griffith, A. A., "The Phenomena of Rup-
ture and Flow in Solids, " Phil. Trans.
Roy. Soc. A 221 (1920) 163,

Andrade, E. N. da C., and Tsien, L.
"On Surface Cracks in Glasses, "
Roy. Soc. A 159 (1937} 346,

Poncelet, L. F., "& Theory of Static
Patigue for Brittle Solids, " Fracturing of
Metals, ASM, Cleveland (1948) p. 201.

Shand, E. B., "Experimental Study ol
Fracture of Glass: 1lI, Lxperimental Data, "
J. Amer. Ceramic S8oc. 37 {1954) 559,
Anderson, O, L., "The Griffith Critericn
for Glass FPracture, " Fracturc, John Wiley

and Sons, New York (1959) 331,

Griffith, A. A., "Theory of Rupture, " Proc.
First Inst. Conference on Applied Me-
chanics, Delft {1924) p. 55.

™ 1 ~nr T
Petch, N. J.,

Prog. Metal Phys.

Zener, C., "The Micro-Mechanism of
Practure, " Tracturing of Metals, ASM,
Cleveland (1948) p. 3.

Eshelby, J. D., Frank, F. C,, and
Nabarro, F. R. N., "The Equilibrium of
Linear Arrays of Dislocations, Phil. Mag.
42 {1951} 351.

Koehler, T, 8., "The Production of Large
Tensile Stresses by Dislocations, " Phys.
Rev. 85 (1952) 480,

Stroh, A. N., "The Formation of Cracks
as a Result of Plastic Flow, " Proc. Roy.
Soc. A 223 (1954) 404,

Stroh, A. N,, "The Formation of Cracks
in Plastic Flow 11, " Proc. Roy. Scc.
232 (1955 548,

Stroh, A. N., "A Theory of the Fracture of
Metals, " Advances in Phys, 6 (19537) 418.

Hall, E. O., "The Deformation and Aging

16.

7.

18.

19.

20,

21.

22,

23.

24,

25,

26.

27.

of Mild Steel, " Proc. Phys. Soc. {London)
B 64 {1951) 747.

Petch, N. J., "The Cleavage Strength
of Polyervystals, " J. Iron Steel Inst. 174
{1953} 25.

Low, J. R. Ir., "The Relation of Micro-
Structure to Brittle Fracture, " Relation of
Thom ok e A RS e ks gk saa AR T
ITapertics LO WMIICIDESLITUCLULL,, A0V,

Cleveland {1954) 163,

Wronski, A. S., and Johnson, A. AL,
Deformation and Fracture Properties of
Polycrystalline Molybdenum, " Phil. Mag.
7 (1962} 213.

"The

Greenwood, G. W., and Quarrel, A. G.,
"The Cleavage Fracture of Pure Polycrystal-
line Zinc in Tension, " J. Inst.

{Tondon} 82 (1954} 551.

LY U
Micidls

Hauser, F. E., Landon, P. R., and Dorn,
J. E., "Fracture of Magnesium Alloys at
low Temperatures, " Trans. AIME 206 (1956]
589,

Cottrell, A. H., and Bilby, B. A., "Dis-
location Theory of Yielding and Strain

Aging of Iron, "
A 62 {1949) 49,

Proc. Phys. Soc. {London)

Tjerkstra, H. H., "The Lifect of Grain
Size on the Stress-Strain Curve of Alpha-
Iron, " Acta. Met. 2 (1961) 259.

Marcinkowski, M. J., and Lipsitt, H. A.,
"The Plastic Deformation of Chromium at
Low Temperatures, " Acta. Met. 10 (1962)
g5,

Carreker, R. P., and Hibbkard, W. R.,
"Tensile Deformation of High-Purity Copper
as a Function of Temperature, Strain Rate,
and Grain Size, " Acta. Met, 1 (1953) 654.

Thomas, D. A., and Averbach, B. L.,
"The Early Stages of Plastic Deformation in
Copper, " Acta. Met, 7 (1959) 69.

Mclean, D., Grain Boundaries in Metals,
Oxford University Press (1957) p. 176,

Mclean, D., Mechanical Properties of
Metals, John Wiley and Sonsg, New York
(1962} p. 104,




28.

29.

30.

31.

32.

33.

34.

35.

36,

37.

38.

39.

40.

_53_

Low, J. R. Jr., "The Tracture of Metals, "
to be published in Prog. in Material
Science.

Biggs, W. D., and Prati, P. L., "The
Deformation and Fracture of Alpha-Iron
at Low Temperatures, " Acta. Met. 6
(1958} 694.

Cottrell, A. H., "Theory of Brittle Frac-
ture in Steel and Similar Metals, " Trans.
AIME 212 (1958) 192.

Mott, N. I'., "Fracture of Metals: Some
Theoretical Considerations, " Engineering
165 {1948) 16,

Yoffe, E. H., "The Moving Griffith
Crack, " Phil. Mag. 42 (1951) 739.

Berry, J. M., "Cleavage Step Formation
in Brittle Fracture Propagation, “ Trans.
ASM 51 (1959) 556.

Stroh, A. N., "Crack Nucleation in Body-
Centered Cubic Metals, " Fracture, John
Wiley and Sons, New York {1959) p. 117,

Chou, Y. T., Garofalo, F., and Whitmore,
R. W., "Interactions between Glide Dis-
locations in a Double Pile-up in Alpha-
Iron, " Acta. Met. 8 {(1960) 480,

Cottrell, A. H., "Theoretical Aspects of
Tracture, " Fracture, John Wiley and Sons,
New York {1959) p.

2N
PN

Hahn, G. T., Cohen, M., and Averbach,
B. L., "The Yield and Fracture Behavior
of Mild Steel, with Special Reference to

nnnnnnnnn

{1962) 634,

Adams, M. A., Roberts, A. C., and
Smaliman, R. E., "Yield and Fracture in
Polycrystalline Nichium, " Acta. Met. 8

Lymulal

(L960) 328.

Stokes, R. J., Johnston, T. L., and Li,
C. H., "The Relationship between Plastic
Flow and the Fracture Mechanism in Mag-
nesium Oxide Single Crystals, " Phil.
Mag. 4 (1959) 920.

Parker, E. R., "Tracture of Ceramic
Materials, " Fracture, John Wiley and
Sons, New York (1959) p. 181.

41,

42,

43.

44,

45,

46.

48.

49,

50.

51.

52.

54,

Petch, N. J., "The Ductile-Cleavage
Transition in Alpha-Iron, " Fracture, John
Wiley and Sons, New York {1959) p. 54.

Petch, N. J., "The Ductile Fracture of
Polycrystalline Alpha-Iron, " Phil. Mag.
1 {1956) 186.

Koehler, J. 8., "The Nature of Work-
Hardening, " Phys. Rev. 86 (1952) 52.

Low, J. R., and Guard, R. W., "The
Dislocation Structure of Stip Bands in
Iron, " Acta, Met. 7 {1959} 171.

Low, J. R. Jr., and Turkalo, A. M.,
"Slip Band Structure and Dislocation
Multiplication in Silicon-Iron Crystals, "
Acta. Met. 10 (1962) 215.

Hornbogen, E., "Observations of Yield-
ing in an Iron-3.17 At% Phosphorus
Solid Solution, " Trans. ASM 56 {1963) 16.

Hull, D., "Nucleation of Cracks by the
Intersection of Twins in o~Iron, "
Mag. 3 (1958) 1468.

™o
rnit,

Hull, D., "Twinning and Fracture cof
Single Crystals of 3% Silicon Iron, "
Acta. Met. 8 {1960} L1.

Hull, D., "Twinning and the Nucleation
of Cracks in Body-Centered Cubic
Metals, " AIME International Conference
an++'le (1962)_

A Practo
Wil bildien

ure, woedttt

Honda, R., "Cleavage Fracture in Single
Crystals of Silicen Iron, ™ J. Phys. Soc.,
Japan 16 (1961) 1309.

Honda, R., "Cleavage Fracture in Single
Crystals of Iron, " to be published.

Edmondson, B., "The Effect of Composi-
tion and Structure on the Tensile Proper-
ties of High-Purity Iron Single Crystals,
with Particular Reference to the Question
of Brittle Fracture, " Proc. Roy. Soc.

A 264 (1961) 176,

Cahn, R. W., "Mechanical Twinning in
Molybdenum, " J. Inst. Metals (London)
83 (1954-55) 493,

Bell, R. L., and Cahn, R. W., "The
Initiation of Cleavage Fracture at the



55,

56.

57.

58.

59.

60.

61,

62.

b3,

64,

65.

-54-

Intersection of Deformation Twins in Zinc
Single Crystals, " J. Inst. Metals {London)

86 (1958) 433,

Hornkogen, E., "Observation of Slip,
Twinning and Cleavage in Iron-Phosphorus
Solid Solutions, " Trans. AIME 218 {1960)
634,

Hornbogen, E., "Dynamic Bffects During
Twinning in ~~Iron, " Trans. AIME 221
{1961} 711,

Sleeswvk, A. W., "Twinning and the
Origin of Cleavage Nuclei in n~Iron, "
Acta. Met, 10 (1962) 803,

Sleeswvyk, A. W., "Emissary Dislocations:
Theory and Experiments on the Propagation
of Deformation Twins in a-Iron, " Acta.
Met. 10 {1962} 705.

Allen, N. P., Hopkins, B, E., and
Mclennan, J. E., "The Tensile Propertiesg
of Single Crystals of High-Purity Iron at
Temperatures from 100 to -253 C, " Proc.
Roy. Soc. A 234 (1956) 221.

Hopking, B. E., and Tipler, H. R., "The
Effect of Phosphorus on the Tensile and
Notch~Impact Properties of High-Purity
Iren and Iron-Carbon &lloys, " J. Iron
Steel Inst. 188 (1958} 218,

Wessel, E. T., "A Tensile Study of the
Brittle Behavior of a Rimmed Structural
Steel, " Proc. ASTM 56 (1956) 540,

Allen, N. P., "The Mechanism of the
Brittle Fracture of Metals, ¥ Fracture,
Talaww A sy o n ] Qman NPT Wl 1 ﬂEO\ ]
JOnnm vwiley arnda oOolNs, NCW I0TK (1727 P

123,

Hanemann, H., and Schrader, A., "Atlas
Metallographicus, " Vol, 1, Verlag von
Gebriider Borntracger, Berlin {1933) 86—
9t.

Bruckner, W, H., "The Micro-Mechanism
of Fracture in the Tension-Impact Test, "

Wealdina Tnnrnal-Rece
Wo laling journg.: el

(1950} 4678.

Allen, N. P., Rees, W. P., Hopkins,
B. E., and Tipler, H. R., "Tensile and
Impact Properties of High Purity iron-
Carbeon and Iron-Carbon-Manganese

66 .

67.

68.

69.

70,

7l.

72.

73.

4.

75.

76.

7.

Alioys of Low Carbon Content, " J. Iron
and Steel Inst, 174 (1953) 108.

Hahn, G. T., Sc.D. Thegsis, Massa~
chusetts Institute of Technology,
Cambridge, Massachusetts {1959).

Josefsson, Ake, "Impact Transition
Temperaturcs of Some Pearlite-Free Mild
Steels as Affccted by Heat Treatments in
the Alpba Range, " Trans. AIME 200 (1954)
6h2,

Danko, J. C., and Stout, R. D., "The
Effect of Subbcundaries and Carbide
Distribution on the Notch Toughness of
an Ingot Iron, " Trans. ASM 49 (1957)
189.

Brick, R. M., "Mechanical Properties of
High Purity Pe-C Alloys at Low Tempera-
tures, " Final Report S5C-94 to Ship
Structure Committee {31 March 1959).

Low, J. R., and TFeustel, R, G., "Inter-
crystalline Fracture and Twinning of Iron
at Low Temperatures, " Acta. Met. 1
£1953) 185.

Orowan., E., "Tracture and Strength of
Solids, " Reports on Progress in Physics
{London) 12 {1949} 185.

Felbeck, D. K., and Orowan, E.,
"Experiments on Brittle Fracture of Steel
Platcs, " Welding Journal 34 (1955) 57083,

Tetelman, A. 8., and Rebertson, W. D.,
"Direct Obscrvation and Analysis of
Crack Propagation in Iron-3% Silicon
Single Crystais, "

415,

a1
3}

o~

P Y A 11 10
HACLd. MEl. L1 ALY

Tetelman, A. 8., "The Plastic Deforma-
tion at the Tip of a Moving Crack, " AIME
International Conference on Fracture,
Seattle (1962}).

Owen, W. S., Averbach, B. L., and
Cohen, M., "Brittle Fracture in Mild
Steel in Tension at -196 C, " Trans. ABM
50 (1958) 634

Sullivan, C. P., to be published.

Jacquet, P. A., "Improved Electrolytes
for the Anodic Polishing of Certain



78.

79.

80.

81.

82.

83.

84.

85.

86 .

87.

88.

89.

-55-

Metals, " Sheet Metal Industry 26 {1949) 0.
577

Wessel, E. T., and Olleman, R. D.,

"Apparatus for Tension Testing at Sub- 91,
atmospheric Temperatures, " ASTM Bulletin ‘
No. 187 (1953} 56.

Erickson, J. S., and Low, J. R. Jr., "The
Yield-Stress Temperature Relation for Iron 92.
at Low Temperature, " Acta. Met. 5 {1957)

405, 93.
ILement, B. S., Averbach, B. L., and 94,

Cohen, M., "Microstructural Changecs on
Tempering Iron-Carkbon Alioys, " Trans.
ASM 46 {1954) 851,

Smith, C. §., and Guttman, L., "Meas~
urement of Internal Boundaries in Three
Dimensional Structures by Random
Sections, " Trans. AIME 197 {1953) 81.

Young, A. P., and Marsh, L. L., "A
Method for Observing the Progress of
Deformation in Tensile Samples, " Trans.
ATME 212 (1958) 247.

Stark, P., Averbach, B. L., and Cohen,
M., "Influence of Microstructure on the
Carbon Damping Peak in Iron-Carbon
Alloys, " Acta. Met. 6 (1958) 149.

Haasen, P., and Kelly, A., "A Yield
Phenomenon in FCC Single Crystals, "
Acta. Met, 5 (1957} 192.

Birnbaum, H.
Crystals - 1.
Effect, " Acta.

K., "Unioading Effects in
The Unloading Yield Point
Met. 9 (1961) 320,

Wilson, D. V., and Russell, B., "Stress-
Induced Ordering and Strain-Ageing in
Low Carbon Steels, " Acta. Met. 7 {1959)
628.

Puttick, K. E., "Ductile Fracture in
Metals, " Phil. Mag. 4 {(1959) 964.

Webb, W. W., and Forgeng, W. D.,
"Mechanical Behavior of Microcrystals, "
Acta. Met. 6 (1958) 462,

Gensamer, M., "The Structure of Metals
and the Strength of Metal Structures, ”
Trans. ATME 215 {1959) 2.

Rosof, B. H., 8. B. Thesis, Massachu-
setts Institute of Technology, Cambridge,
Massachusetts (1963},

Rees, W. P., Hopkins, B. E., and Tipler,
H. R., "Tensile and Impact Properties of
Iron and Seme Iron Alloys of High Purity, "
J. Tron and Steel Inst. 169 (1951) 157.

Gensamer, M,, private communication.
Grounes, M., private communication.
Smith, R. L., and Rutherford, J. L.,
"Tensile Properties of Zone Refined lron

in the Temperature Range from 298 to
4.2 K, " Trans. AIME 209 (1957} 857,



SHIP HULL RESEARCH COMMITTEE

Division of Engineering & Industrial Research
National Academy of Sciences-National Research Council

Chairman:

RADM A, G. Mumma, USN (Ret.)
Vice President
Worthington Gorperation

Members:

Mr. Heollinshead de Luce
Assistant to Vice Precident
Bethlehem Steel Co., Shipbuilding Div.

Profcssor J. Harvey Evans
Professor of Naval Architecture
Massachusetts Institute of Technology

Mr. M. G. Forrost
Vice President - Naval Architccture
Gibbs & Cox, Inc.

Mr. James Goodrich

Ceneral Manaaer
(General Manager

Todd Shipyvards, Los Angeles Div,

Professcor N. J. Hoff
Head, Dept. of Acronautics & Astronautics
Stanford University

Mr. M. W. Lightner
Vice President, Applied Research
U. §. Steel Corporation

Arthur R. Lytle R. W. Rumke
Director Executive Secretary



